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Abstract: Atherosclerosis is the leading cause of death worldwide, especially in patients with type 2
diabetes mellitus (T2D). GLP-1 receptor agonists and DPP-4 inhibitors were demonstrated to play
a markedly protective role for the cardiovascular system beyond their glycemic control. Several
cardiovascular outcome trials (CVOT) reported the association between using these agents and a
significant reduction in cardiovascular events in patients with T2D and a high cardiovascular risk
profile. Moreover, recent evidence highlights a favorable benefit/risk profile in myocardial infarction
and percutaneous coronary revascularization settings. These clinical effects result from their actions
on multiple molecular mechanisms involving the immune system, platelets, and endothelial and
vascular smooth muscle cells. This comprehensive review specifically concentrates on these cellular
and molecular processes mediating the cardiovascular effects of incretins-like molecules, aiming to
improve clinicians’ knowledge and stimulate a more extensive use of these drugs in clinical practice
as helpful cardiovascular preventive strategies.
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1. Introduction

Glucagon-like peptide-1 receptor agonists (GLP1-RA) and dipeptidyl peptidase-4 in-
hibitors (DPP4i) were recently introduced as novel classes of drugs for treating patients
with type 2 diabetes (T2D). However, several cardiovascular preclinical and clinical studies,
originally designed to investigate their safety in clinical practice, early reported an impres-
sive and effective performance of these agents in reducing cardiovascular (CV) risk, and
thus attenuated incidence of acute myocardial infarction or stroke in patients with T2D
receiving these drugs associated with lower cardiovascular mortality [1–13]. Following
this evidence, both cardiological and endocrinological guidelines [14,15] now recommend
GLP-1 RA for managing patients with both T2D and high atherosclerotic cardiovascular
risk, moving from a merely glucometabolic approach to a more comprehensive strategy
focusing on cardiovascular prevention in the setting of T2D.

In particular, the 2019 European Society of Cardiology (ESC) Guidelines on diabetes,
pre-diabetes, and cardiovascular diseases, developed in collaboration with the European
Association for the Study of Diabetes (EASD), advise GLP1-RAs in patients with T2D and
CV disease or at high CV risk to reduce cardiovascular events (class of recommendation I,
level of evidence A) [15]. More recently, the 2021 ESC Guidelines on cardiovascular disease
prevention confirmed this indication, suggesting GLP1-RAs in individuals with T2D and
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atherosclerotic cardiovascular disease (ASCVD) to reduce CV and cardiorenal outcomes
(class of recommendation I, level of evidence A) [14].

Although these drugs revolutionized diabetes therapy, their use was limited by sev-
eral contraindications that should be considered before prescription, such as pancreatitis,
pregnancy or breastfeeding, history of previous hypersensitivity reactions, personal or
family history of medullary thyroid cancer, and multiple endocrine neoplasias (MEN) [16].
Lastly, administering these drugs by injections may represent another drawback since
most patients prefer an oral therapeutic regimen. Conversely, these agents rarely cause
hypoglycaemia, representing really safe drugs.

Previous reviews extensively documented the cardiovascular benefit of these agents;
most of them focused on clinical evidence from several large randomized trials published
in the last ten years on this topic. Differently from previous scientific works [17], in our
review, we examine the cardiovascular effects of GLP-1RA and DPP-4i on cardiac outcomes
and CV risk reduction, concentrating on the molecular mechanisms they target on immune,
endothelial, vascular smooth muscle cells, and platelets, highlighting their importance in
atherosclerotic plaque development. In this way, we seek to stimulate a more extensive use
of these drugs in clinical practice as helpful cardiovascular preventive strategies.

2. Methods

This comprehensive review was realized through literature research from PubMed,
Embase, and Cochrane databases. Five reviewers independently searched the literature,
including the most relevant clinical trials, pre-clinical studies and reviews published in
journals with a high-impact factor. The search lasted until May 2023. Only articles written
in English were considered. The keywords used for searching were: “incretins”, “type 2 di-
abetes mellitus”, “cardiovascular disease”, “atherosclerosis”, “glucagon-like peptide-1
receptor agonist (GLP1-RA)”, and “dipeptidyl peptidase-4 (DPP4)”. Articles were excluded
if not published in journals with adequate impact factor or if not relevant to the topic. As a
comprehensive and not systematic review, we had no predetermined research questions or
specified protocols. Disagreements were resolved by discussion with other team members.

The first section of the review describes the physiological mechanisms of incretins on
pancreatic β cells and other cell lines. The second one focuses on the effect of GLP1RA
and DPP4i in atherosclerotic process modulation with particular attention to molecular
mechanisms in platelets, endothelial, immune, and vascular smooth muscle cells. The third
part concentrates on the clinical evidence of DPP4i and GLP1RA efficacy in cardiovascular
events prevention, myocardial infarction, and percutaneous coronary intervention.

3. Physiological Mechanisms of Incretins

Atherosclerosis is a multifactorial process characterized by forming fibrofatty lesions
within the arterial wall and is considered the leading cause of death worldwide [18]. Im-
provement in treatment and prevention is crucial, especially in patients with T2D, a clinical
syndrome expected to affect 783.2 million people by 2045 [19]. Therefore, the treatment
guidelines for T2D patients recommend a patient-tailored approach based on lifestyle
modifications and the choice of optimal therapeutic option. An ideal anti-diabetic drug
should have the following characteristics: significant impact on weight and cardiovascular
comorbidities, low risk of hypoglycemia and adverse events, and, last but not least, low
costs. Even if no optimal medication exists, incretins represent one of the most attractive
and promising options [20]. The “incretin effect” indicates the amplification of pancreatic
insulin secretion induced by these gastrointestinal tract-released hormones [21]. Incretins
were demonstrated to reduce glucagon concentrations, improve insulin sensitivity, and
slow down gastric filling in diabetic patients, with decreased free fatty acid concentrations
and body weight. Moreover, beyond glycemic control, incretins protect the cardiovascular
system [22]. The glucose-dependent insulinotropic polypeptide (GIP), a 42 amino acid hor-
mone, and glucagon-like peptide-1 (GLP-1), a 31 amino acid hormone, are the most critical
studied incretins. They bind to distinct G-protein-coupled receptors highly expressed on
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pancreatic β-cell surfaces. More specifically, while GLP-1 is secreted by L-cells in the ileum,
colon, and rectum, GIP is released from K-cells located predominately in the duodenum
and proximal gut after feeding. GIP circulates in 10-fold higher concentrations than GLP-1,
whereas GLP-1 appears more potent than GIP. The two hormones are secreted in parallel
but are not stored in the same cytoplasmic granules [23]. GIP and GLP1 can be degraded by
DPP-4, an amino-peptidase transmembrane protein with a large extracellular domain and
a flexible segment anchored in the cell membrane expressed in most cell types. The enzyme
is responsible for cleaving and inactivating both two peptides at one of the last alanine
residues [24]. Inhibition of DPP-4 and the use of injectable GLP-1RA are the two strategies
for potentiate incretin receptor signaling [23]. However, studies on GIP monotherapy were
unsuccessful; this could be explained by the fact that, in diabetic patients, the endocrine
pancreas remains responsive to GLP-1, but it is no longer responsive to GIP, so this must
represent the most likely reason for the reduced incretin action of this hormone [25].

3.1. Acute and Chronic Effects of GLP-1 on Pancreatic β Cells

GLP-1 exerts acute and chronic functions on pancreatic cells by binding to its receptor
(Figure 1). Acutely, it triggers most insulin release from these cells in a glucose-dependent
manner. Hence, glucose enters the pancreatic β-cells through glucose transporter-2 (GLUT2).
After phosphorylation, glycolysis, and the mitochondrial tricarboxylic acid (TCA) cycle,
glucose determines adenosine triphosphate (ATP) production. Increased intracellular ATP
concentration leads to K+ ATP-dependent channel closures with consequent accumulation
of K+ ions and membrane depolarization. Thus, cell membrane depolarization causes
voltage-dependent Ca2+ channel activation, the influx of Ca2+ ions, and exocytosis of a
sub-pool of insulin granules, which contains ∼1–5% of available insulin. This initial rapid
process is followed by the remaining entire insulin release mediated by GLP-1 binding to
its receptor (GLP-1R), as previously mentioned, allowing the release of ∼95–99% of insulin
granules [26]. GLP-1R is a G protein-coupled receptor whose activation induces a rapid
increase in c-adenosine monophosphate (cAMP), protein kinase A (PKA), and exchange
protein activated directly by cAMP (EPAC) upregulation and increased glucose-dependent
insulin release [27]. Further to the stimulation of insulin secretion, the chronic effects of
GLP-1RA on pancreatic β cells also consist of the deceleration of mass reduction.
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Moreover, GLP-1RA-mediated cAMP elevation is responsible for oxidative stress reduc-
tion and trough activation of anti-apoptotic genes for pancreatic β cells survival. The latter
process is also stimulated by GLP-1RA-induced secretion of insulin-like growth factor-2 (IGF-2)
and expression of its receptor (IGF1-R) in β cells. The IGF-2 binding to its receptor determines
an autocrine loop that protects β-cells against apoptosis, inducing proliferation [28,29].

3.2. Effects of GLP-1 on Other Cell Lines

GLP-1 performs its function by acting not only on pancreatic β cells, but also on other
cell lines (Figure 1). Studies assessing GLP-1RA extra-pancreatic effects reveal that exposure
of skeletal muscle cells to these agents increases glycogen synthesis, glycogen synthase
activity, and glucose metabolism and inhibits glycogen phosphorylase α activity involved
in the breaking up of glycogen in glucose subunits [30]. Moreover, skeletal muscles exposed
to increased incretin levels become more sensitive to insulin through more developed an-
giogenesis and vascularization. Indeed, GLP-1 binds to its receptor, abundantly expressed
in endothelial cells, causing microvasculature recruitment in skeletal muscles and better
muscle perfusion. Muscle perfusion is also favored via PKA-mediated endothelial nitric
oxide synthase (eNOS) activation, which induces vasodilation and consequently increases
insulin delivery [31]. These processes allow skeletal muscles to increase basal glucose
uptake and storage.

GlP-1 exerts a protective effect on the kidney. It is responsible for inhibiting sodium–
hydrogen exchanger 3 (NHE3), an antiporter located on the epithelial cells of the proximal
tube that imports sodium ions, simultaneously ejecting hydrogen ions in the proximal
tubule lumen. NHE3 inhibition increases natriuresis and diuresis [32–34].

The mechanisms of this renal function gain may be direct and indirect. In addition to
natriuresis, the first ones include the inhibition of proinflammatory cytokines, adhesion
molecules, and profibrotic signaling, as well as the reduction in intraglomerular pressure
through the inhibition of protein kinase-C (PKC) and the activation of PKA. The indirect
mechanisms regard the benefit that GLP-1R agonists exert on other tissues, including
improvement in blood pressure, glucose homeostasis, weight loss, and insulin levels that
are beneficial for glomerular filtrate [35].

Furthermore, GLP-1 receptors were demonstrated to be located in many areas of the
central nervous system; in particular, in those involved in appetite and gastric motility
regulation [36]. GLP-1 is not only produced by alfa and L-cells, but also by neurons. It was
proved that neuronally produced GLP-1 is transported to the axon terminals and stored in
synaptic vesicles until release into the synaptic cleft, or in case of extra-synaptic release,
into the brain parenchyma. Recent pre-clinical studies reported that administering GLP-
1RA reduces food intake, determining weight loss in animal models [37]. The underlying
mechanism is that L-cells-derived GLP-1 passes through the blood–brain barrier by directly
affecting the receptors in the hypothalamic areas responsible for appetite control. GLP-1
is also released into the interstitial space near the site of its synthesis (ileum and colon)
and then diffuses locally to act on vagal nerve endings embedded into the gut mucosa [38].
Moreover, the administration of GLP-1 in mice improves learning mechanisms, and the
deletion of the gene encoding for GLP-1R is associated with neuron degeneration. Because
of this, GLP-1RA was proposed as adjuvant therapy in the treatment of neurodegenerative
pathologies such as Alzheimer with encouraging results [39].

In visceral adipose tissue, GLP-1 was demonstrated to reduce volume and alter the
composition in vivo [40]. GLP-1 exerts this effect through activation of extracellular signal-
regulated kinase (ERK), PKC, and AKT pathways with consequent increased adipocytes
apoptosis and reduced pre-adipocytes proliferation [27].

After all, GLP-1 acts directly at the gastrointestinal level, inhibiting gastric emptying
and postprandial glycaemic peak reduction due to the slower transit of food from the
stomach to the small intestine. The mechanisms are still unknown, but GLP-1R is expressed
on the parietal cells of the stomach to indicate a direct action of GLP-1 on their secretion. In
addition, vagal denervation was shown to abolish the inhibitory effect of GLP-1 on gastric
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emptying, suggesting that GLP-1 acts through receptors expressed on vagal fibres that
regulate gastric motility [41].

4. Effect of GLP1 Agonists and DPP4 Inhibitors in Atherosclerotic Process Modulation

Considering their specific mechanisms of action, it is clear that the main players
through which incretins, and thus GLP-1R agonists (GLP-1RA) and DPP4 inhibitors (DPP4i),
exert their pro-atherogenic actions are the glucagon-like peptide-1 receptor (GLP-1R) and
the degrading enzyme DPP4. GLP-1R is a G-protein coupled receptor with an extracellular
and transmembrane domain. It is mainly expressed on the pancreatic β cell surface but also
on endothelial cells, smooth muscle cells, macrophages, and monocytes [42]. Its binding
to an agonist activates multiple downstream signaling pathways, including PKA/signal
transduction and the activator of transcription (STAT), PI3K/Akt, MAPK, and NFkB. Hence,
in this section, we will discuss in detail the effects of GLP1 agonists and DPP4-i on platelets,
smooth muscle cells, endothelium, and the immune system (Tables 1 and 2).

Table 1. Biochemical effect of GLP1-RA on immune system, vascular smooth muscle cells, en-
dothelium, and platelets. ↑, increased; ↓, decreased; cAMP, c-adenosine monophosphate; PKA,
protein kinase A; STAT3, signal transducer and activator of transcription 3; STAT1, signal transducer
and activator of transcription 1; M1, classically activated macrophages; M2, alternatively activated
macrophages; NLRP3, NOD-like receptor family pyrin domain containing 3; ERK, extracellular
signal-regulated kinases; PAR2, proteinase-activated receptor 2; VSMCs, vascular smooth muscle
cells; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; TNF-α, tumor necro-
sis factor-α; MCP-1, monocyte chemoattractant protein-1; ACAT1, acetyl-CoA acetyltransferase 1;
PKCb2,protein kinase C beta 2; NADPH oxidase, nicotinamide adenine dinucleotide phosphate
oxidase; GLP1R, glucagon-like peptide-1 receptor; AMPK, AMP-activated protein kinase; ET-1,
endothelin-1; SDF-1, stromal cell-derived factor 1; CXCR4, C-X-C motif chemokine receptor 4; ROS,
reactive oxygen species; NO, nitric oxide; EPC, endothelial progenitor cells; and PAI-1, plasminogen
activator inhibitor type 1.

TARGET MOLECULAR PATHWAY FINAL EFFECT

IMMUNE SYSTEM ↑ cAMP-PKA-STAT3 pathway, involved in
M2 polarization Switch to M2 phenotype

↓ STAT1 activity, responsible for M1 phenotype switch

↑ CD163+ macrophages expression and ↓ inflammatory
macrophages in adipose tissue Anti-inflammatory effect

↓ T-cell CD26 expression

NLRP3 inflammasome suppression

VASCULAR SMOOTH
MUSCLE CELLS ↓ ERK phosphorylation ↓ VSCM proliferation and migration

in atherosclerotic plaque

↑ PAR2 receptor activation

ENDOTHELIUM ↓ NF-kB, TNF-α and MCP-1

↓ foam cells
↓ ROS production
↑ NO production
↑ vasodilatation
↑ EPC recruitment

↓ ACAT1 e CD36 scavenger receptor

↓ PKCb2-mediated activation of NADPH oxidase

↑ GLP1R/AMPK pathway

↓ NF-kB and ET-1

↑ SDF-1/CXCR4 signaling pathway

PLATELETS ↑ cAMP and PKA activation Microvascular thrombosis reduction

↓ plasma fibrinogen and PAI-1

↓ CD40 soluble levels

↓ inflammatory and thrombogenic gene expression
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Table 2. Biochemical effect of DPP4-I on immune system, vascular smooth muscle cells, endothe-
lium, and platelets. ↑, increased; ↓, decreased; VCAM-1, vascular cell adhesion protein 1; ICAM-1,
intercellular adhesion molecule-1; PAI-1, plasminogen activator inhibitor type 1; MMP-2, matrix
metalloproteinase-2; MMP-9, matrix metalloproteinase-9; cAMP, c-adenosine monophosphate; PKA,
protein kinase A; eNOS, endothelial nitric oxide synthase; cGMP, Cyclic guanosine monophosphate;
VASP, vasodilator-stimulated phosphoprotein; PI3-K, phosphoinositide 3-kinases; Akt, serine/threonine
kinase; MAPK, mitogen-activated protein kinase; ERK-2, extracellular signal-regulated kinase 2; ADP,
adenosine diphosphate; PLT, platelet; ROS, reactive oxygen species; and NO, nitric oxide.

TARGET MOLECULAR PATHWAY FINAL EFFECT

IMMUNE SYSTEM ↓ VCAM-1, ICAM-1, PAI-1 and P-selectin ↓ leukocyte rolling and vessel infiltration

VASCULAR SMOOTH
MUSCLE CELLS

↑MMP-2 and MMP-9
↓ proliferation and migration

↑ cAMP/PKA pathway

ENDOTHELIUM c-AMP/PKA pathway activation Endothelial barrier integrity preservation

PLATELETS

↑ cAMP-induced PKA activation
↓ Thrombin-, ADP-, PLT aggregation

↑ eNOS enzymatic activity

↑ cGMP production

↑ NO bioavailability and
↓ ROS production

↑ VASP-ser239 phosphorylation

↓ PI3-K/Akt and MAPK/erk-2 pathway

↓ platelet P-selectin expression

4.1. Macrophages and Lymphocytes

GLP-1 and DPP4 regulate immune cell functions through various mechanisms.
Macrophages can differentiate into two distinct phenotypes: M1 and M2. M1 macrophages

are responsible for inflammatory and pro-atherogenic cytokines production, such as tu-
mour necrosis factor-a (TNF-a), interleukin-1 (IL-1) beta, IL-6, and IL-12. Conversely, M2
macrophages release anti-inflammatory cytokines such as IL-10, TGF-b, IL-4, and IL-13,
promoting tissue repair and delaying atherogenesis [43]. The upregulation of the STAT3
signaling is a key step for the differentiation of macrophage towards the M2 phenotype [44].
Liraglutide was demonstrated to induce macrophage differentiation towards the M2 anti-
inflammatory phenotype in THP-1 and bone marrow-derived macrophages [45]. More
specifically, treatment with this GLP-1RA activates the cAMP-PKA-STAT3 pathway in these
cells and, at the same time, downregulates STAT1 activity, which is responsible for the M1
phenotype switch. This evidence is confirmed by the increased M2 markers gene expression
(arginine-1, macrophage galectin-1, and mannose receptor-1) on the macrophage surface
exposed to this drug [46–48].

Furthermore, exenatide was demonstrated to reduce macrophage activation after
exposition to lipopolysaccharide (LPS), a major component of gram-negative bacteria that
induces acute inflammation. In particular, it activates the cAMP/PKA pathway through
the binding to its GLP-1R reducing NF-kB, TNF-α, monocyte chemoattractant protein-1
(MCP-1) levels, and increasing C enhancer-binding proteins (C/EPB) beta synthesis by
JNK/p38 induction. Notably, TNF- α and MCP-1 are some of the most important cytokines
involved in atherosclerosis progression [49]. Conversely, C/EBP beta has a marked anti-
inflammatory effect and induces monocyte autophagy [50]. Another consequence of
GLP-1R binding is the upregulation of AMP-activated protein kinase (AMPK), which
itself, in turn, contributes to C/EPB beta levels elevation. The final effect is a reduction in
pro-inflammatory monocytes with the slowdown of the atherosclerotic process [51].

DPP4i also reduce macrophage activation and chemotaxis. Younis et al. demonstrated
that vildagliptin therapy had a suppressive impact on IL-1 production compared to met-
formin therapy alone in patients with coronary atherosclerosis and T2D [52]. Concordantly,
alogliptin was demonstrated to upregulate anti-inflammatory CD163+ macrophages expres-
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sion with a concurrent reduction in inflammatory macrophages in adipose tissue (CD11b+,
CD11c+, and Ly6Chi) [53]. Linagliptin revealed an anti-inflammatory/antiatherogenic
effect, increasing insulin sensitivity and decreasing macrophage recruitment in the same
cell line [54].

Moreover, incretins influence macrophage chemotaxis by exerting their actions on
adenosine deaminase (ADA), an enzyme involved in purine metabolism and whose acti-
vation is critical for chemokine-induced inflammatory cell movement [55]. Indeed, while
DPP-4 binds ADA, stimulating the chemokine C-C motif ligand 2 (CCL-2 or MPC-1) CCL-
5-mediated chemotaxis, and favouring RAC-1-induced movement of monocytes, alogliptin
is able to suppress these pathways, reducing monocyte chemotaxis and inflammation
in Male LDLR-/- mice [56]. Accordingly, Arakawa et al. demonstrated that GLP-1RA
significantly reduced monocyte adhesion to aortic endothelial cells through CD11b in
C57BL/6 mice [42].

Finally, incretins were demonstrated to attenuate the switch of macrophages into foam
cells, a critical step in atherosclerotic plaque formation. During this process, different scav-
enger receptors (CD36, SR-A, and Lox-1) exposed on macrophage cell membranes internal-
ize ox-LDL transported through endosomes in the cytosol. Inside the endosomes, lysosomal
acid lipase (LAL) converts the cholesterol esters of the ox-LDL into free cholesterol (FC) and
free fatty acids (FFA). FC is re-esterified by acyl-coenzyme A: cholesterol acyltransferase-1
and -2 (ACAT1 and ACAT2) and transported in the endoplasmic reticulum, which pro-
duces lipid droplets. Through cholesterol efflux transporters, such as ATP-binding cassette
(ABCA1, ABCG1) and SR-B1, FC can be excreted by macrophages [57]. Interestingly, liraglu-
tide and exendin-4 were demonstrated to inhibit this process in different ways. Tashiro et al.
reported a GLP-1RA-mediated downregulation of the ACAT1 enzyme [58]. Moreover, in-
cretins activate PKA with consequent CD36 scavenger receptor downregulation and higher
platelet-activating factor acetyl-hydrolase (PAF-AH) expression, a lipoprotein-associated
enzyme that degrades circulating ox-LDL [59].

GLP-1R activation exerts an anti-inflammatory action also on lymphocytes. It was
established that GLP-1R-/- mice showed lower levels of circulating CD4+ and CD25+ anti-
inflammatory T-reg cells [60]. However, it is DPP4 that plays a major role in lymphocyte
regulation. DPP-4 was initially discovered in the immune system and identified as cell
surface marker CD26. On T-cells, CD26 expression is generally modest, but rises in response
to T-cell activation. In contrast to Th2 clones, lymphocytes with a Th1 phenotype express
higher levels of CD26, which increase even more following stimuli that encourage the
establishment of Th1 response. The association between CD26 expression and Th1-like
immune responses was hypothesized to result from an IL-12-dependent upregulation. In
fact, IL-12 increases CD26 expression (DPP-4 activation) on phytohemagglutinin (PHA)-
stimulated peripheral blood mononuclear cells [61]. Furthermore, it was suggested that
there is a possible role for DPP-4 inhibitor therapy in reducing inflammation linked to
T2D and obesity. Indeed, higher HbA1c levels were associated with increased CD26
lymphocytes expression, and DPP-4i reduced CD26 expression on the T-cells surface of
diabetic patients [62].

The interaction between DPP4i and other drugs is also important in amplifying their
anti-inflammatory actions. In visceral adipose tissue, the third-generation angiotensin
receptor blocker (ARB) telmisartan enhances insulin sensitivity and induces macrophage
differentiation to the anti-inflammatory phenotype [63]. Co-administration with ARBs
strengthens DPP-4i anti-inflammatory and incretin-enhancing activities, potentially im-
proving cardiovascular outcomes [64–66].

4.2. Endothelium

The endothelium is the continuous cellular lining of the vascular wall’s inner layer. It
serves as a physical barrier separating the blood from tissues and is essential for maintaining
the right haemostatic balance [67]. Via anticoagulant and antiplatelet pathways, it inhibits
thrombosis under physiological circumstances. It also produces nitric oxide (NO) and
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other substances that support healthy vascular tone, blood pressure, and regional blood
flow [68]. On the other side, endothelial dysfunction caused by reactive oxygen species
(ROS), apoptosis, loss of barrier function, and switch into mesenchymal phenotype are
considered early markers of atherosclerosis [69]. Notably, incretins were reported to
modulate different molecular pathways of endothelial cells with a potential protective role
against pro-atherogenic processes.

4.2.1. Reactive Oxygen Species and Nitric Oxide Production

Reactive oxygen species (ROS) are among the main causes of endothelial dysfunction,
and their production derives from different sources, including nicotinamide adenine din-
ucleotide phosphate (NADPH) oxidase function, mitochondrial electron transport chain,
and eNOS uncoupling.

NADPH oxidase is an enzymatic complex located on the cellular membrane that
catalyzes the production of superoxide free radicals (O2−) [70]. High glucose levels stim-
ulate PKC, which acts as an NADPH activator determining increased ROS production.
Significantly, in human aortic endothelial cells, liraglutide was demonstrated to reduce
ROS production by inhibiting PKCb2-mediated activation of NADPH oxidase [71].

Furthermore, another source of ROS comes from the mitochondrial electron transport
chain. Mitochondria are cell organelles whose autophagy (mitophagy) plays an essential
role in ROS and cell homeostasis maintenance [72]. The process is driven by PTEN-induced
putative kinase 1 (PINK1) protein, usually held under a threshold level and degraded by
cellular proteases. In conditions of cell stress, PINK1 moves on the mitochondrial external
membrane recruiting Parkin, a cytosolic ubiquitin ligase that translocates to damaged
mitochondria and promotes their degradation with ROS leakage [73]. In HUVEC, liraglu-
tide acts upstream of this pathway, inhibiting PINK1/Parkin recruitment and preventing
excessive mitophagy, thus lowering ROS release [74].

Incretins also exert their endothelial protective effects, influencing the NO production
by these cells. NO has a key role in regulating vascular tone, such as endothelial cell
proliferation and death [75,76]. The main NO producer is the eNOS, a calcium/calmodulin-
dependent phosphoprotein that catalyzes circulating O2 and L-arginine conversion in
L-citrulline and NO. In vascular smooth muscle cells (VSMCs), NO promotes guanylate
cyclase-mediated cGMP production, stimulating vasodilation. Moreover, NO increases
the superoxide dismutase (SOD) activity with a reduction in superoxide anion levels [77].
However, under pathological conditions, the cofactor tetrahydrobiopterin (BH4) is oxidized
in dihydrobiopterin (BH2), causing e-NOS uncoupling, and thereby a dimeric enzyme,
producing high levels of superoxide anion [78]. Exenatide was demonstrated to increase
e-NOS mediated NO production and improve the oxidative stress defense system through
the GLP-1R/AMPK pathway stimulation in human subcutaneous endothelial cells [79].
Similarly, exendin-4, always through the GLP-1R/cAMP pathway, activates PI3K/Akt
that subsequently upregulates GTPCH1 levels (an enzyme involved in BH4 synthesis),
increasing coupled eNOS function [80]. Moreover, GLP-1RA can reduce endothelin-1 (ET-1)
production via NF-kB phosphorylation inhibition, leading to increased vasodilation in
endothelial cells [81]. In aortic endothelial cells also, the DPP4i sitagliptin was demonstrated
to lower ET-1 levels, activating the AMPK pathway responsible for the suppression of the
NF-κB/IκBα system [82]. Furthermore, DPP4i improves endothelial function by acting
on eNOS. In the study by Shah et al., the administration of alogliptin to C57BL/6 mice
with pre-constricted aortic segments led to an increase in NO generation via the Src-
mediated PI3K/Akt/eNOS signaling pathway [83]. Concordantly, in aortic and glomerular
endothelial cells from obese Zucker rats, treatment with saxagliptin demonstrated an
increased NO and reduced peroxynitrite (ONOO-) production [84].

Lastly, another process triggered by ROS overproduction is cellular senescence. There-
fore, ROS induces endothelial DNA damage, causing the cessation of cell division. In HU-
VEC, treatment with exendin-4 has a protective effect on ROS-induced senescence instead.
Indeed, GLP1R binding determines the activation of the cAMP/PKA pathway that, via the
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cAMP response element-binding (CREB) phosphorylation, enhances the heme oxygenase-1
(HO-1) gene expression, preventing H2O2-induced endothelial cell senescence [85].

4.2.2. Apoptosis and Inflammation

GLP-1RA also exerts significant anti-inflammatory and anti-apoptotic effects on the
endothelium. In this setting, a key role is played by the NLRP3 inflammasome, com-
posed of three parts: NLRP3, caspase-1, and apoptosis-associated speck-like protein (ASC).
Therefore, the activation of the NLRP3 inflammasome translates into IL-1 beta and IL-18
cytokines upregulation and activation of caspase-1, which cleaves gasdermin D (GSDMD),
whose N-terminal domains (GSDMD-N) oligomerize and form pores in the cell membrane
with consequent cell death through pyroptosis. The inflammasome is activated by en-
doplasmic reticulum stress-associated protein thioredoxin-interacting protein (TXNIP),
NOX-4 (NADPH Oxidase 4) and intracellular ROS, while sirtuin-1 (SIRT1), an important
member of the class III histone deacetylase family, negatively regulates it [86].

The GLP-1RA dulaglutide was reported to suppress high-glucose-induced NLRP3
inflammasome activation in HUVECs through TXNIP and NOX4 downregulation and
SIRT1 activity increase. This also led to reduced inflammatory cytokine (IL-1 beta, IL-
18) and ROS levels [86]. Through the same pathway, liraglutide also reduced intimal
hyperplasia after stent implantation [87].

Notably, the anti-inflammatory and anti-apoptotic effects of GLP-1RA also involve
endothelial progenitor cells (EPC) responsible for endothelium regeneration. In EPC, the
protein SDF-1 (alternatively known as chemokine C-X-C motif ligand 12-CXCL12), via
the interaction with the CXCR7, activates p38-MAPK, thus increasing IL-6 production,
an interleukin with anti-inflammatory function, and favoring EPC proliferation. Another
consequence of the p38-MAPK activation is a significant reduction in cleaved caspase-3
expression, reducing EPC apoptosis.

Thus, in EPCs isolated from rats, exendin-4 was demonstrated to ameliorate EPC sur-
vival and function precisely through the previously described pathways [88]. Furthermore,
different miRNAs are regulated by GLP-1RA and responsible for endothelial cell survival,
particularly miR-93-5p, miR-181a-5p, miR-34a-5p, and miR-26a-5 [89]. Another apoptotic
mechanism derives from the activation of the C/EBP homologous protein (CHOP) due
to unfolded protein response (UPR). UPR results from unfolded protein accumulation in
the endoplasmic reticulum under stress conditions. The cell initially attempts to destroy
or refold such proteins and activates cell apoptosis if it fails within a certain amount of
time. The proteins that kick off this process are the activating transcription factor 6 (ATF6),
the inositol-requiring enzyme 1α (IRE1α), and the phospho-protein kinase R (PKR)-like
endoplasmic reticulum kinase (pPERK), located on the endoplasmic reticulum surface
and whose activation leads to upregulation, respectively, of ATF6F, X-box binding protein
(XBP1), and ATF4 with consequent UPR-related apoptosis [90]. In this regard, exenatide
was demonstrated to reduce endothelial reticulum stress apoptosis, and the mechanisms
above described by activating the p38/MAPK pathway [91]. Furthermore, liraglutide was
shown to suppress IRE1α and PERK activation, as well as ATF6 and chaperone glucose-
regulated protein 78 (GRP78) expression in human coronary artery endothelial cells; this is
lastly able to activate CHOP through the PERK pathway [92].

4.2.3. Barrier Properties

GLP-1 agonists were also reported to preserve the integrity of the endothelial barrier,
composed of endothelial junction and cytoskeleton, whose dysfunction is a critical step in
the initiation of the atherosclerotic process [93].

In cultured endothelial cells, exendin-4 binding to GLP-1R activates both c-AMP/PKA
and c-AMP/EPAC-1 pathways that increase Ras-related C3 botulinum toxin substrate
1 (Rac1) activity, responsible for the stabilization of cortical actin and reduction in stress fibre
formation. EPAC-1 also enhances VE-cadherin internalization, which organizes the open-
ing and closing of the endothelial barrier and is central in permeability changes, thereby
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contributing to endothelial cell barrier preservation [94]. Notably, advanced glycosylation
end products (AGE) also affect endothelial barrier integrity. Via the RAGE stimulation
(their receptor), they cause activation of the Rho/ROCK/MYPT and MAPK/MLCK path-
ways, leading to myosin light chain (MLC) de-phosphorylation and barrier dysfunction.
Oppositely, the GLP-1R activation, via c-AMP/PKA triggering, reduces RAGE activity,
increasing the levels of phosphorylated MLC, improving cytoskeletal re-organization, and
finally decreasing endothelial permeability [95].

Finally, DPP-4i influences the recruitment of EPCs, which is fundamental for mem-
brane damage repair [96,97]. For this purpose, the stromal cell-derived factor-1 (SDF-1) is
indeed generated from damaged endothelial tissue; this chemokine, when in the blood-
stream, binds the CXCR4 receptor located on vascular and hematopoietic cells and induces
bone marrow-derived EPCs mobilization and migration. Notably, SDF-1 is turned inactive
by the endothelial transmembrane DPP-4. The inhibition of DPP4 consequently prevents
SDF-1 from being degraded and enhances the SDF-1/CXCR4 signaling pathway, increasing
the migration of hematopoietic progenitor cells to the site of damage [98,99]. For instance,
in the work by Huang et al., sitagliptin increased SDF-1 levels, which then resulted in an
increase in circulating EPCs in a GLP-1-independent manner [96,100].

4.2.4. Adhesion Molecules

Another key step for atherosclerosis initiation is the adhesion of macrophages to the
endothelial surface with consequent migration into the subintimal layer and switching in
foam cells.

Liraglutide reduces vascular cell adhesion molecule-1 (VCAM-1), intercellular adhe-
sion molecule-1 (ICAM-1), plasminogen activator inhibitor type 1 (PAI-1), and P-selectin
expression in endothelial cells through the inhibition of NF-kB cascade, translating into
reduced leukocyte rolling and vessel infiltration [101]. VCAM-1 and E-selectin expression
are also reduced by the Krüppel-like factor 2 (KLF2). Elevated levels of circulating ox-LDL
can downregulate KLF2 expression. However, dulaglutide was demonstrated to revert
this process, preventing phosphorylation of p53 protein and playing a protective role in
preventing adhesion molecules expression [102].

4.2.5. Endothelial Mesenchymal Transition

Some of the processes mentioned above, such as oxidative stress, inflammation, and
hyperglycaemia, can induce the endothelial mesenchymal transition (EndMT) process, with
endothelial cells that gradually lose their specific proteins, enhancing the expression of
mesenchymal-specific genes and favoring neointima formation. The most critical EndMT
inducer is the transforming growth factor beta 1 (TGF-β1) with the activation of the Snail–
Smad pathway [103]. In HUVECs, liraglutide was demonstrated to interrupt this process
preventing Smad2 phosphorylation by activating the AMPK pathway [104].

4.3. Vascular Smooth Muscle Cells

Vascular smooth muscle cells (VSMCs) contribute to the atherosclerosis process in
different modalities. When stimulated by inflammatory cells and cytokines, they proliferate
and migrate from tunica media to the sub-intimal layer. Significantly, this process is
amplified under hyperglycaemic conditions due to the activation of the ERK 1-2 and
PI3K/Akt pathways [105]. In this regard, both exendin-4 and liraglutide were demonstrated
to reduce VSMC proliferation and migration influencing these pathways [106].

Another crucial step is the VSMC phenotypic switching from a quiescent contractile to
an activated synthetic cell. The transition is characterized by a lower expression of muscle-
specific molecules (α-actin, Myh11, SM22α, and Calponin), whose production is regulated
by myocardin, a potent transcriptional coactivator that binds to the serum response factor
(SRF), causing transcription of CArG box-containing target genes and switching of the cell
towards a contractile phenotype [107]. In this regard, liraglutide was reported to suppress
NF-kB-mediated myocardin inhibition, leading to reduced synthetic cell switch [108].
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Moreover, some pathways can determine the switch back to the contractile phenotype.
For instance, AMPK activates SIRT-1, a NAD+-dependent class III histone deacetylase
that regulates the expression of FOXO3a, favoring the differentiation in contractile cells.
Exendin-4, through the activation of SIRT1, was reported to determine the re-differentiation
of VSMCs [109].

VSMC was also reported to increase ROS production. Lectin-type oxidized LDL
receptor 1 (LOX-1) is the primary receptor of ox-LDL in VSMCs, whose activation causes
higher ROS levels. Liraglutide was demonstrated to downregulate LOX1 in human VSMCs
preventing the process [110]. Furthermore, Nox-1 represents another crucial ROS source in
VSMCs responsible for superoxide anion production, activated by Ras-related C3 botulinum
toxin substrate (RAC1), a small GTPase involved in the regulation of different cell functions,
in turn stimulated by high angiotensin-II levels [111]. Exendin-4, through the angiotensin II-
induced cAMP/PKA pathway inhibition, suppresses the action of RAC1 with consequently
reduced ROS production and VSMC senescence [112].

Furthermore, VSMCs produce extracellular matrix (ECM) and metalloproteinases
(MMPs), MMP-2, and MMP-9 in the atherosclerosis progression phase. These gelati-
nases are responsible for ECM degradation, but also regulate growth factor production
and migration/proliferation of VSMCs in atherosclerotic plaque. MMP production is fa-
vored by TNFα-induced phosphorylation of AKT. Exendin-4 was demonstrated to inhibit
this process by reducing AKT phosphorylation in the threonine 308 residue in coronary
artery VSMCs [113].

DPP4 induces VSMC proliferation after activating different pathways. For that reason,
it is not surprising that the vast majority of data suggested that DPP4i directly reduces
smooth muscle cell growth. DPP4 serves as a proteinase-activated receptor 2 (PAR2) ag-
onist in VSMCs. PAR2 is a 7-transmembrane receptor, activated by different proteases
after proteolytic cleavage of his extracellular N-terminus and consequent presentation of
newly exposed tethered ligand (TL). Without proteases, a synthetic peptide that matches
the TL of PAR2 selectively activates it. The cysteine-rich region of DPP4 contains this PAR2
activation sequence. When PAR2 is activated, VSMC mitogenesis increases through NF-kB,
MAPK, and ERK1/2 pathways. DPP4i alter the conformation of circulating soluble DPP4,
preventing its binding to PAR2 and reducing VSMC proliferation [114,115]. A previous
study on animals showed that linagliptin decreases VSMC proliferation regardless of its
glucose control effect, which may be directly related to accessorial caspase-3-mediated
VSMC death [116]. Moreover, activating the nuclear factor erythroid 2-related factor 2
(NRF-2) signaling pathway and suppressing the expression of the chemokines MCP-1 and
VCAM-1 are the mechanisms by which gemigliptin has antiproliferative and anti-migratory
effects in VSMCs [117]. The DPP4i sitagliptin was reported to reduce platelet-derived
growth factor (PDGF)-induced VSMC proliferation in cultured human pulmonary artery
smooth muscle cells (PASMCs) via dose-dependently upregulating the phosphatase and
tensin homolog deleted on chromosome 10 (PTEN) genes [118]. In another study analyzing
diabetic mice treated with vildagliptin for four weeks, there was a significant decrease
in the stenosis of damaged carotid arteries in animals receiving this drug compared with
the control group. This result was attained by inhibiting VSMC proliferation via the ER
stress/NF-B pathway activation [119]. Anagliptin also downregulates proliferation by pre-
venting ERK phosphorylation [120]. Finally, Takahashi et al. recently found that linagliptin
and empagliflozin combination therapy considerably moderates VSMC proliferation by
reducing VSMC DNA synthesis in vitro [116].

4.4. Platelets

The role of platelets in thrombosis and hemostasis is significant [121], and increased
levels of coagulation factors, hyperactive platelets, and enhanced surface expression of
integrins are all signs of a prothrombic condition, particularly in T2D patients [122–124].
GLP-1RA and DPP4i were also shown to act at this level, especially in thrombotic diathe-
sis reduction. About GLP-1RA, exenatide reduces thrombin, ADP, and collagen-induced
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platelet aggregation in human megakaryocyte cell lines. Moreover, treatment with this
drug lessens thrombus formation in a mouse cremaster artery laser injury model [125].
Similarly, through the GLP1-R activation on the platelet surface, liraglutide stimulates the
cAMP/PKA/eNOS pathway, leading to better and coupled eNOS function, reduced oxida-
tive stress, and increased NO production. The consequence is diminished endotoxaemia-
induced microvascular thrombosis in C57BL/6J mice [126].

About DPP-4i, anagliptin was recently reported to prevent FeCl3-induced arterial
thrombus in mice under chronic stress by reversing an imbalance between the disintegrin
and metalloproteinase with thrombospondin motifs (ADAMTS13) and the von Willebrand
factor (vWF) [127]. Recent research showed that linagliptin dramatically decreases platelet
mitochondrial respiration by maintaining cAMP-dependent phosphodiesterase. Lowering
the phosphodiesterase activity; it also restricts the decrease in cyclic AMP in thrombin-
activated platelets and improves NO capacity to prevent platelet aggregation [128]. Under
transmission electron microscopy, platelets pre-treated with linagliptin revealed noticeably
reverted morphological alterations when activated by thrombin, including the formation
of granules and fewer mitochondria [129]. Moreover, it is well known that platelet tyro-
sine phosphorylation proteins influence intracellular free calcium levels. In the study by
Gupta et al., sitagliptin revealed a high concentration-dependent antiplatelet action due
to the inhibitory effect on intracellular free calcium and tyrosine phosphorylation. In this
study, thrombin-induced platelet aggregation was followed by increased free intracellular
calcium and plasma membrane platelet tyrosine phosphorylation Ca2+-ATPase (PMCA).
The administration of sitagliptin significantly decreased platelet aggregation, and in vitro
testing verified the same outcomes [130].

5. Effects of Incretin-Based Drugs on Lipid Metabolism

Recent evidence shows that incretins and incretin-based therapies positively affect
lipid metabolism through the modulation of both lipogenic and lipolytic processes. Specifi-
cally, GLP-1 and its agonists inhibit lipogenesis mainly through the cAMP-activated protein
kinase (AMPK) pathway, leading to the downregulation of genes involved in the lipogenic
process. For instance, a preclinical study conducted by Chen et al. demonstrated that
GLP-1 RA significantly reduced the expression of fatty acid synthase (FAS), a key enzyme
in de novo lipogenesis [131]. A further preclinical study by Ben-Shlomo et al. confirmed
that GLP-1 therapy suppressed lipogenic enzymes such as FAS, stearoyl CoA desaturase-1
(SCD-1), and carnitine palmitoyl transferase-1 (CPT-1) in a mouse model [132]. Similarly,
Parlevliet et al. demonstrated that GLP-1RA and DPP-4i inhibited hepatic lipogenesis in
high-fat diet mice through AMPK regulation [133]. Incretin-based therapies may also be
able to induce lipolysis [134]. In this regard, Xu and colleagues showed that exendin-4 pro-
moted lipolysis in adipocytes through an antioxidant action and the activation of phospho-
rylated hormone-sensitive lipase (HSL), which is directly involved in lipolysis [135]. Thus,
the modulation of lipogenic and lipolytic processes by incretin-based drugs may reduce
adiposity and body fat mass, potentially positively preventing dyslipidemia-induced com-
plications. Finally, evidence emerged regarding the anti-lipotoxicity effect of incretins [136]
due to several mechanisms such as antioxidant and anti-inflammatory action, increased
insulin sensitivity, and improved mitochondrial function and pancreatic cell efficiency [137].
This action may help prevent some disorders due to lipotoxicity, predominantly renal, and
cardiovascular complications.

6. Effects on Atherosclerotic Plaque Composition and Intimal Hyperplasia in the
Pre-Clinical Setting

Several preclinical and experimental studies showed the anti-atherogenic role of
GLP-1. These investigations demonstrated reduced aortic macrophage recruitment and
atherosclerotic lesion formation in wild-type and apolipoprotein E-deficient mice with infu-
sions of exendin-4, via cAMP/PKA-dependent inflammation suppression, or GLP-1 [138].
Concordantly, Sudo et al. confirmed the beneficial effects of the GLP-1RA lixisenatide
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on fully developed atherosclerotic plaques performing serial in vivo iMAP-IVUS imaging
on brachial arteries of Watanabe heritable hyperlipidaemic (WHHL) rabbits [139]. After
12 weeks of treatment, the percentage of the fibrotic component area was greater, and the
percentages of necrotic and calcified areas were lower in animals receiving the GLP-1RA,
even without any difference in overall plaque area [139]. Histology from the same plaques
analyzed by IVUS indicated less extensive macrophage-positive and calcified deposits in
the lixisenatide group than in controls. In contrast, the percentages of VSMCs and fibrotic
areas were higher [139].

Incretin treatment is also associated with morphological and compositional character-
istics of a potential stable plaque phenotype, as demonstrated by Balestrieri et al. analyzing
carotid plaques of symptomatic and asymptomatic diabetic patients undergoing endarterec-
tomy [140]. Hence, GLP-1RA-treated plaques presented more extensive collagen content
and sirtuin-6 expression, a transcription factor involved in inflammation and endothelial
function, and less inflammatory and oxidative stress [140].

The effects of GLP-1RA in the setting of atherosclerosis progression and percutaneous
coronary interventions (PCI) still need to be clarified because of the absence of longer-term
studies. There is contrasting evidence about a positive correlation between circulating GLP-
1 levels and coronary artery disease (CAD) progression in both diabetic and non-diabetic
patients with chest pain undergoing angiography, suggesting even a potential adverse
effect of GLP-1 on atherosclerosis [141].

Conversely, recent studies reported the protective role of GLP-1 after myocardial
ischemia [142]. Exenatide was demonstrated to reduce coronary artery ligation-induced
infarct size in a pig model [143]. Moreover, infarct size reduction was also confirmed
in the clinical setting of patients with ST-segment elevation myocardial infarction [144].
Interestingly, GLP-1RA demonstrated protective effects also on neointimal hyperplasia
after coronary stent implantation in preclinical studies. In this regard, Xia et al. anal-
ysed the effects of liraglutide in diabetic pigs undergoing coronary stenting; angiography
and optical coherence tomography were then performed at 22 weeks after stent implan-
tation [125]. On OCT analysis, pigs treated with GLP-1 agonists reported higher lumen
area, and lower neointimal thickness and neointimal area. Finally, liraglutide decreased
plaque inflammation and significantly lowered diabetes-induced NOD-like receptor family
pyrin domain containing 3 (NLRP3), IL-1 beta, and IL-18 expression in stented vascular
histological analysis, while it increased expression of IL-10 [87].

Regarding DPP-4i, few studies about PCI are available. Lee et al. showed that
nanofiber-eluting stents loaded with vildagliptin were able to accelerate VSMC hyperplasia
and stent reendothelialization in diabetic rabbits [145].

In conclusion, these data support a potential intriguing role of GLP-1 receptor ac-
tivation and DPP-4 inhibition in protecting against atherogenesis, in addition to their
established glycaemic actions in the preclinical setting. Of course, long-term studies about
the effects on atherosclerotic disease progression are required to investigate their benefit in
this clinical setting.

7. Cardiovascular Effects of GLP-1RA in Clinical Studies
7.1. Effects of GLP-1RA on Cardiovascular Risk Factors

Reductions in systolic blood pressure (BP), lipid levels and body weight were observed
in patients treated with GLP-1RA. Since arterial hypertension, dyslipidemia, and obesity
are well-known risk factors for atherosclerotic disease, GLP-1RA may reduce atheroscle-
rosis development and progression, adequately improving these parameters. Specifically,
the effect of GLP-1RA on BP in previous clinical trials was modest but still correlated
to a significant reduction in major cardiovascular events (MACE), with meta-analyses
showing that a systolic BP reduction of 10 mmHg was associated with ~20% reduction
in MACE [146]. More interesting is the effect on cholesterol levels. For instance, a study
conducted by Anholm et al. showed that in patients with stable CAD and newly diagnosed
T2D receiving standard statin therapy, liraglutide in combination with metformin improved
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lipid profile and reduced C-reactive protein (CRP) blood levels [147]. Studies also showed
that liraglutide alone was more effective than liraglutide combined with metformin or
metformin alone on lipid metabolism and cardiovascular prevention [148].

7.2. Effects of GLP-1RA on Cardiovascular Events

Since the Food Drug Administration requested cardiovascular safety data for novel
diabetes agents in 2008, numerous trials evaluated the efficacy and safety of GLP-1RA in
diabetic patients with cardiovascular disease (CVD). Specifically, eight trials investigated
the effects of GLP-1 RA on cardiovascular outcomes (cardiovascular mortality, non-fatal
MI, and non-fatal stroke) in patients with T2D and high cardiovascular risk (Table 3) [1–8].
While all these trials demonstrated cardiovascular safety (i.e., non-inferiority) of GLP-
1RA, just some of them showed real efficacy in reducing cardiovascular outcomes: the
LEADER trial for liraglutide [2], HARMONY outcomes trial for albiglutide [5], REWIND
trial for dulaglutide (REWIND) [6], and SUSTAIN–6 trial for injectable semaglutide [3].
Among these, liraglutide was associated with a reduction in both cardiovascular death
and all-cause mortality. Moreover, kidney outcomes were improved for liraglutide and
injectable semaglutide. Differences across trials may be ascribed to differences across the
class of GLP-1RA and differences in the cardiovascular risk profiles of the enrolled patients.
A recent metanalysis of these cardiovascular outcomes’ trials by Sattar et al., including
60,080 participants, showed an overall 14% reduction in MACE [149]. Interestingly, another
meta-analysis conducted by Gugliano et al. revealed that the beneficial effect of GLP-1RA
tends to be greater among subjects with established CVD (HR = 0.84, 95% CI = 0.79–0.90)
than among those without CVD (HR = 0.94, 95% CI = 0.83–1.06), although the statistical
power was not reached. However, the benefits observed are mainly related to secondary
prevention, whereas more studies are needed concerning primary prevention. Lastly, the
ongoing SOUL trial will compare the effect on MACE of oral semaglutide versus placebo
in subjects with T2D and a high cardiovascular risk profile, trying to fill the existing
knowledge gap left by the PIONEER-6 trial in which oral semaglutide vs. placebo failed to
reach a statistically significant reduction in MACE (hazard ratio, 0.79 [95% CI, 0.57–1.11];
p < 0.001 for noninferiority; p = 0.17 for superiority) in a similar cohort of patients [7].

Table 3. Main clinical trials exploring cardiovascular effects of GLP-1RA. GLP-1 RAs, glucagon-like
peptide-1 receptor agonist; T2DM, type 2 diabetes mellitus; CVD, cardiovascular disease; MACE,
major adverse cardiovascular event; and HHF, hospitalization for heart failure.

ELIXA
[1]

LEADER
[2]

SUSTAIN-6
[3]

EXSCEL
[4]

HARMONY
[5]

REWIND
[6]

PIONEER-6
[7]

AMPLITUDE
[8]

Intervention Lixisenatide
vs. placebo

Liraglutide
vs. placebo

Semaglutide
vs. placebo

Exenatide
vs. placebo

Albiglutide
vs. placebo

Dulaglutide
vs. placebo

Semaglutide
vs. placebo

Efpeglenatide
vs. placebo

Population 6068 patients
with T2D

9340 patients
with T2D

3297 patients
with T2D

14,752
patients with

T2D

9463 patients
with T2D

9903 patients
with T2D

3183 patients
with T2D

4076 patients
with T2D

Established
CVD (%) 100 81 83 73 100 31 85 90

Follow-up
(years) 2.1 3.8 2.1 3.2 1.6 5.4 1.3 1.8

MACE 1.02
(0.89–1.17)

0.87
(0.78–0.97)

0.74
(0.58–0.95)

0.91
(0.83–1.00)

0.78
(0.68–0.90)

0.88
(0.79–0.99)

0.79
(0.57–1.11)

0.73
(0.58–0.92)

CV death 0.98
(0.78–1.22)

0.78
(0.66–0.93)

0.98
(0.65–1.48)

0.88
(0.76–1.02)

0.93
(0.73–1.19)

0.91
(0.78–1.06)

0.49
(0.27–0.92)

0.72
(0.50–1.03)

HHF 0.96
(0.75–1.23)

0.87
(0.73–1.05)

1.11
(0.77–1.61)

0.94
(0.78–1.13)

0.85
(0.70–1.04)

0.93
(0.77–1.12)

0.86
(0.48–1.44)

0.61
(0.38–0.98)

7.3. Effects of GLP-1 RAs in the Setting of MI and PCI

As mentioned, emerging evidence supports a beneficial effect of GLP-1RA on MI risk,
suggesting a potentially intriguing role of this class of agents in the prompt and effective
management of this life-threatening cardiovascular complication. Hence, some clinical
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studies showed that the use of GLP-1RA in patients presenting with acute MI is associated
with a reduction in infarct size (Table 4).

Lønborg et al. demonstrated that acute administration of exenatide in patients present-
ing with STEMI was associated with a 30% reduction in infarct size [144]. Similarly, Woo et al.
demonstrated that exenatide decreased infarct size and improved left ventricular function
(evaluated with cardiac magnetic resonance) in STEMI patients undergoing PCI [150].

Another study by Chen et al. confirmed the liraglutide effect on infarct size reduction
after STEMI, probably through attenuation of reperfusion injury [151]. The same authors
observed that treatment with liraglutide was associated with an improvement in left
ventricular ejection fraction (LVEF) 3 months post-revascularization after primary PCI and
a reduction in the incidence of no reflow [152,153]. Concordantly, these findings were
confirmed by a meta-analysis of randomized controlled trials comparing GLP-1RA with
placebo in patients with AMI and undergoing PCI [154]. Recently, exciting data regarding
the effect of GLP-1RA treatment in diabetic patients surviving a MI were also collected. In
this regard, a prospective observational study included 17 868 patients with diabetes who
were discharged alive after a first event of MI, of whom 365 (2%) were using GLP-1RA [155].
The study demonstrated that the use of GLP-1RA, compared with standard diabetes care,
was associated with a reduction in the primary composite outcome of stroke, heart failure,
re-infarction, or cardiovascular death [adjusted hazard ratio (HR) 0.72; 95%, CI: 0.56–0.92],
mainly attributed to a lower rate of re-infarction and stroke [155].

Table 4. Effects of GLP1-RAs and DPP-4i in MI and PCI setting. ↑, increased; ↓, decreased; GLP-1
RAs, glucagon-like peptide-1 receptor agonist; STEMI, ST-segment elevation myocardial infarction;
TIMI, thrombolysis in myocardial infarction; PCI, percutaneous coronary intervention; CRP, C-
reactive protein; MI, myocardial infarction; ACS, acute coronary syndromes; MACE, major adverse
cardiovascular event; CAD, coronary artery disease; and DES, drug eluting stent.

Molecule Setting Main Results
GLP-1 RA

Lønborg et al., 2012
[144] Exenatide

Patients with STEMI and
TIMI flow 0/1
undergoing primary PCI

↓ infarct size
(Particularly in those patients with a short
duration of ischemia ≤132 min)

Woo et al., 2013
[150] Exenatide

Patients with STEMI and
TIMI flow 0 undergoing
primary PCI

↓ infarct size
↑ left ventricular function

Chen et al., 2016
[151] Liraglutide Patients with STEMI

undergoing primary PCI

↑myocardial salvage index
↓ infarct size
↓ serum CRP

Chen et al., 2015
[152] Liraglutide Patients with STEMI

undergoing primary PCI

↑ left ventricular function at
3 months post PCI
↓ no reflow

Trevisan et al., 2021
[155] GLP-1 RAs Diabetic patients after a first event

of MI
↓MACE (stroke, heart failure, re-infarction,
cardiovascular death)

DPP4-I

Leibovitz et al., 2013
[156] Sitagliptin Diabetic patients

presenting with ACS

↓ in-hospital complications
↓ 30-day MACE (stent thrombosis, urgent
revascularization, post event ischemia,
30-day mortality, re-infarction or re-ischemia,
re-admission, stroke/TIA)

Kato et al., 2016
[157] Alogliptin Diabetic patients with CAD ↑ coronary flow reserve

↑ left ventricular function

GLP-1 RA, DPP4-I

Santos-Pardo et al., 2021
[158]

Diabetic patients undergoing PCI
with DES

No effect on risk of stent thrombosis and
intra-stent restenosis.
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8. Cardiovascular Effects of DPP-4i in Clinical Studies
8.1. Effects of DPP-4i on Cardiovascular Risk Factors

Several studies suggest a positive effect of DPP-4i on cardiovascular risk factors. Firstly,
DPP-4i exert a favorable action on lipid metabolism. In a meta-analysis of 17 studies, the
treatment with DPP-4i was associated with a significant reduction in total cholesterol of
about 7 mg/100 mL [159]. DPP-4i also showed important effects in the regulation of BP.
Some studies revealed that treatment with sitagliptin and vildagliptin decreases systolic BP
independently of a reduction in blood glucose [160,161]. Some other studies revealed that
both systolic and diastolic BP were reduced after treatment with vildagliptin [162]. Further,
the effect of DPP-4i on inflammation and oxidative stress is also recognized. As proof of this,
significant decreases in IL-18 and TNF-α levels were demonstrated in subjects treated with
sitagliptin [163]. Moreover, a study conducted by Klempfner et al., including patients with
documented CAD, suggested a positive effect of vildagliptin on blood levels of C-reactive
protein and MMP-9, which are both inflammation and atherothrombotic markers [164].

8.2. Effects of DPP-4i on Cardiovascular Events

Given the anti-inflammatory and anti-atherogenic effects of DPP-4i, this action is
expected to translate into clinical benefits regarding cardiovascular outcomes. However,
there is contradictory evidence on DPP-41’s impact on cardiovascular events. In this
regard, some previous studies demonstrated that diabetic patients using DPP-4i had a
lower risk of cardiovascular events than those treated with different anti-diabetic med-
ications [165,166]. Specifically, the meta-analysis by Monami et al. showed that DPP-4i
treatment is associated with a reduced risk of MACE with an odds ratio (OR) of 0.689
([0.528–0.899], p = 0.006), independent of the trial duration, thus suggesting a potential
cardioprotective role [166]. Subsequently, five randomized trials were conducted to assess
the effects of DPP-4i on cardiovascular outcomes in diabetic patients (Table 5) [9–13]. None
of these trials demonstrated a significant benefit on cardiovascular events. Moreover, in the
SAVOR-TIMI 53 trial, saxagliptin was associated with an increased risk of hospitalization
for heart failure (HF) [148]. Concordantly, in the EXAMINE trial, treatment with alogliptin
was associated with a numerical but non-statistically significant increase in HF hospital-
ization [9]. However, most of these trials were designed to investigate the cardiovascular
safety of DPP-4i, and thus the non-inferiority of the experimental treatment versus placebo
rather than superiority.

8.3. Effects of DPP-4i in the Setting of MI and PCI

Few clinical studies examined the effects of DPP-4i in the setting of MI and PCI, with
conflicting results (Table 4). Among these, the SITAGRAMI-trial showed no benefit of
therapy with sitagliptin and the granulocyte colony-stimulating factor (G-CSF) on cardiac
function and MACE within 12 months of follow-up after a successfully revascularized
AMI [167]. In contrast, using data collected by the Acute Coronary Syndrome Israeli Survey
(ACSIS) 2010, sitagliptin was demonstrated to determine a lower incidence of 30-day
MACE, acute renal failure, pulmonary oedema, and infections among diabetic patients
presenting with an acute coronary syndrome (ACS) [156]. Moreover, in a study conducted
by Kato et al. the inhibition of DPP-4 by alogliptin improved coronary flow reserve and
LVEF in diabetic patients with CAD [157]. Regarding the PCI outcomes, an observational
study investigated the association between incretin treatment (GLP-1 RAs and DPP-4i) and
the risk of stent failure [158]. The investigators showed that among 18,505 diabetic patients
undergoing PCI with a drug-eluting stent, treatment with GLP-1RA and DPP-4i did not
reduce the risk of stent thrombosis and intra-stent restenosis.
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Table 5. Main clinical trials exploring cardiovascular effects of DPP4 inhibitors. T2DM, type 2
diabetes mellitus; CVD, cardiovascular disease; MACE, major adverse cardiovascular event; and
HHF, hospitalization for heart failure.

EXAMINE
[9]

CAROLINA
[13]

SAVOR-TIMI 53
[11]

TECOS
[12]

CARMELINA
[10]

Intervention Alogliptin
vs. placebo

Linagliptin
vs. Glimepiride

Saxagliptin
vs. placebo

Sitagliptin
vs. placebo

Linagliptin
vs. placebo

Population 5380 patients with
T2D

6042 patients with
T2D

16,492 patients
with T2D

14,671 patients
with T2D

6979 patients with
T2D

Established CVD
(%) 100 34.5 78.4 100 57

Follow-up (years) 1.5 6.3 2.1 3.0 2.2

MACE 0.96
(≤1.16)

0.98
(0.84–1.14)

1.00
(0.89–1.12)

0.98
(0.88–1.09)

1.02
(0.89–1.17)

CV death 0.79
(0.60–1.04)

1.00
(0.81–1.24)

1.03
(0.87–1.22)

1.03
(0.89–1.19)

0.96
(0.81–1.14)

HHF 1.19
(0.90–1.58)

1.21
(0.92–1.59)

1.27
(1.07–1.51)

1.00
(0.83–1.20)

0.90
(0.74–1.08)

9. Conclusions and Future Prospects

In the last ten years, the use of novel antidiabetic agents such as GLP-1RA and DPP4i
for treating T2D patients grew. This is also related to the impressive benefit of these agents
on the cardiovascular system, as suggested by several cardiovascular outcome trials. How-
ever, in this regard, whether GLP-1RA demonstrated a remarkable reduction in MACE in
subjects with T2D and high cardiovascular risk profile, a neutral effect was reported for
shorter-acting GLP-1RA (such as lixisenatide) and DPP-4i (such as sitagliptin). Despite
these conflicting clinical findings, many preclinical and experimental studies suggest a
strong rationale for the use of these molecules as cardiovascular drugs, showing their effects
on endothelial, inflammatory, and vascular smooth muscle cells and platelets, translating
into significant anti-oxidative, anti-inflammatory, and anti-atherogenic properties. Notably,
incretins also demonstrated considerable cardiovascular safety, showing no increased risk
of hypoglycemia. In addition, the evidence from some clinical studies supporting a positive
effect in the setting of myocardial infarction and percutaneous coronary revascularization
represents an important challenge for the expansion of GLP-1 RA e DPP4-i therapeutics
in non-diabetic patients other than diabetics. Diabetes and cardiology guidelines already
included GLP-1RA, with evidence-based benefits to reduce cardiovascular risk in high-risk
individuals with type 2 diabetes, independently from the need for additional glucose con-
trol. Demonstrating that these molecules reduce myocardial infarction and cardiovascular
death with a favorable benefit/risk profile will probably extend their clinical use. Of course,
further studies aiming to examine the role of these agents in cardiovascular settings are
strongly needed to identify a new effective strategy for primary cardiovascular prevention.
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Inflammatory Effects on Human Monocytes/Macrophages by the Attenuation of MAPKs and NFκB Signaling. Naunyn. Schmiede-
bergs. Arch. Pharmacol. 2016, 389, 1103–1115. [CrossRef]

52. Younis, A.; Eskenazi, D.; Goldkorn, R.; Leor, J.; Naftali-Shani, N.; Fisman, E.Z.; Tenenbaum, A.; Goldenberg, I.; Klempfner, R. The
Addition of Vildagliptin to Metformin Prevents the Elevation of Interleukin 1ß in Patients with Type 2 Diabetes and Coronary
Artery Disease: A Prospective, Randomized, Open-Label Study. Cardiovasc. Diabetol. 2017, 16, 69. [CrossRef]

53. Ta, N.N.; Schuyler, C.A.; Li, Y.; Lopes-Virella, M.F.; Huang, Y. DPP-4 (CD26) Inhibitor Alogliptin Inhibits Atherosclerosis in
Diabetic Apolipoprotein E–Deficient Mice. J. Cardiovasc. Pharmacol. 2011, 58, 157–166. [CrossRef]

54. Kern, M.; Klöting, N.; Niessen, H.G.; Thomas, L.; Stiller, D.; Mark, M.; Klein, T.; Blüher, M. Linagliptin Improves Insulin Sensitivity
and Hepatic Steatosis in Diet-Induced Obesity. PLoS ONE 2012, 7, e38744. [CrossRef] [PubMed]

55. Kronlage, M.; Song, J.; Sorokin, L.; Isfort, K.; Schwerdtle, T.; Leipziger, J.; Robaye, B.; Conley, P.B.; Kim, H.-C.; Sargin, S.; et al.
Autocrine Purinergic Receptor Signaling Is Essential for Macrophage Chemotaxis. Sci. Signal. 2010, 3, ra55. [CrossRef] [PubMed]

56. Shah, Z.; Kampfrath, T.; Deiuliis, J.A.; Zhong, J.; Pineda, C.; Ying, Z.; Xu, X.; Lu, B.; Moffatt-Bruce, S.; Durairaj, R.; et al.
Long-Term Dipeptidyl-Peptidase 4 Inhibition Reduces Atherosclerosis and Inflammation via Effects on Monocyte Recruitment
and Chemotaxis. Circulation 2011, 124, 2338–2349. [CrossRef] [PubMed]

57. Wang, D.; Yang, Y.; Lei, Y.; Tzvetkov, N.T.; Liu, X.; Yeung, A.W.K.; Xu, S.; Atanasov, A.G. Targeting Foam Cell Formation in
Atherosclerosis: Therapeutic Potential of Natural Products. Pharmacol. Rev. 2019, 71, 596–670. [CrossRef]

58. Tashiro, Y.; Sato, K.; Watanabe, T.; Nohtomi, K.; Terasaki, M.; Nagashima, M.; Hirano, T. A Glucagon-like Peptide-1 Analog
Liraglutide Suppresses Macrophage Foam Cell Formation and Atherosclerosis. Peptides 2014, 54, 19–26. [CrossRef]

59. Dai, Y.; Dai, D.; Wang, X.; Ding, Z.; Li, C.; Mehta, J.L. GLP-1 Agonists Inhibit Ox-LDL Uptake in Macrophages by Activating
Protein Kinase A. J. Cardiovasc. Pharmacol. 2014, 64, 47–52. [CrossRef]

60. Smigiel, K.S.; Srivastava, S.; Stolley, J.M.; Campbell, D.J. Regulatory T-Cell Homeostasis: Steady-State Maintenance and Modula-
tion during Inflammation. Immunol. Rev. 2014, 259, 40–59. [CrossRef]

61. Gorrell, M.D.; Gysbers, V.; McCaughan, G.W. CD26: A Multifunctional Integral Membrane and Secreted Protein of Activated
Lymphocytes. Scand. J. Immunol. 2001, 54, 249–264. [CrossRef]

62. Lee, S.A.; Kim, Y.R.; Yang, E.J.; Kwon, E.-J.; Kim, S.H.; Kang, S.H.; Park, D.B.; Oh, B.-C.; Kim, J.; Heo, S.T.; et al. CD26/DPP4
Levels in Peripheral Blood and T Cells in Patients with Type 2 Diabetes Mellitus. J. Clin. Endocrinol. Metab. 2013, 98, 2553–2561.
[CrossRef] [PubMed]

63. Fujisaka, S.; Usui, I.; Kanatani, Y.; Ikutani, M.; Takasaki, I.; Tsuneyama, K.; Tabuchi, Y.; Bukhari, A.; Yamazaki, Y.; Suzuki, H.;
et al. Telmisartan Improves Insulin Resistance and Modulates Adipose Tissue Macrophage Polarization in High-Fat-Fed Mice.
Endocrinology 2011, 152, 1789–1799. [CrossRef] [PubMed]

64. Alter, M.L.; Ott, I.M.; von Websky, K.; Tsuprykov, O.; Sharkovska, Y.; Krause-Relle, K.; Raila, J.; Henze, A.; Klein, T.; Hocher, B.
DPP-4 Inhibition on Top of Angiotensin Receptor Blockade Offers a New Therapeutic Approach for Diabetic Nephropathy. Kidney
Blood Press. Res. 2012, 36, 119–130. [CrossRef]

65. Souza-Mello, V.; Gregório, B.M.; Cardoso-de-Lemos, F.S.; de Carvalho, L.; Aguila, M.B.; Mandarim-de-Lacerda, C.A. Comparative
Effects of Telmisartan, Sitagliptin and Metformin Alone or in Combination on Obesity, Insulin Resistance, and Liver and Pancreas
Remodelling in C57BL/6 Mice Fed on a Very High-Fat Diet. Clin. Sci. 2010, 119, 239–250. [CrossRef]

66. Aroor, A.R.; Sowers, J.R.; Jia, G.; DeMarco, V.G. Pleiotropic Effects of the Dipeptidylpeptidase-4 Inhibitors on the Cardiovascular
System. Am. J. Physiol. Circ. Physiol. 2014, 307, H477–H492. [CrossRef]

67. Cameron-Vendrig, A.; Mundil, D.; Husain, M. Antiatherothrombotic Effects of Dipeptidyl Peptidase Inhibitors. Curr. Atheroscler.
Rep. 2014, 16, 408. [CrossRef] [PubMed]

68. Liu, H.; Guo, L.; Xing, J.; Li, P.; Sang, H.; Hu, X.; Du, Y.; Zhao, L.; Song, R.; Gu, H. The Protective Role of DPP4 Inhibitors in
Atherosclerosis. Eur. J. Pharmacol. 2020, 875, 173037. [CrossRef]

69. Gimbrone, M.A.; García-Cardeña, G. Endothelial Cell Dysfunction and the Pathobiology of Atherosclerosis. Circ. Res. 2016, 118,
620–636. [CrossRef]

70. Frey, R.S.; Ushio–Fukai, M.; Malik, A.B. NADPH Oxidase-Dependent Signaling in Endothelial Cells: Role in Physiology and
Pathophysiology. Antioxid. Redox Signal. 2009, 11, 791–810. [CrossRef]

71. Batchuluun, B.; Inoguchi, T.; Sonoda, N.; Sasaki, S.; Inoue, T.; Fujimura, Y.; Miura, D.; Takayanagi, R. Metformin and Liraglu-
tide Ameliorate High Glucose-Induced Oxidative Stress via Inhibition of PKC-NAD(P)H Oxidase Pathway in Human Aortic
Endothelial Cells. Atherosclerosis 2014, 232, 156–164. [CrossRef]

72. Youle, R.J.; Narendra, D.P. Mechanisms of Mitophagy. Nat. Rev. Mol. Cell Biol. 2011, 12, 9–14. [CrossRef] [PubMed]
73. Vives-Bauza, C.; Zhou, C.; Huang, Y.; Cui, M.; de Vries, R.L.A.; Kim, J.; May, J.; Tocilescu, M.A.; Liu, W.; Ko, H.S.; et al.

PINK1-Dependent Recruitment of Parkin to Mitochondria in Mitophagy. Proc. Natl. Acad. Sci. USA 2010, 107, 378–383.
[CrossRef] [PubMed]

74. Zhang, Y.; Wang, S.; Chen, X.; Wang, Z.; Wang, X.; Zhou, Q.; Fang, W.; Zheng, C. Liraglutide Prevents High Glucose Induced
HUVECs Dysfunction via Inhibition of PINK1/Parkin-Dependent Mitophagy. Mol. Cell. Endocrinol. 2022, 545, 111560. [CrossRef]

75. Davignon, J.; Ganz, P. Role of Endothelial Dysfunction in Atherosclerosis. Circulation 2004, 109, III-27. [CrossRef]

https://doi.org/10.1007/s00210-016-1277-8
https://doi.org/10.1186/s12933-017-0551-5
https://doi.org/10.1097/FJC.0b013e31821e5626
https://doi.org/10.1371/journal.pone.0038744
https://www.ncbi.nlm.nih.gov/pubmed/22761701
https://doi.org/10.1126/scisignal.2000588
https://www.ncbi.nlm.nih.gov/pubmed/20664064
https://doi.org/10.1161/CIRCULATIONAHA.111.041418
https://www.ncbi.nlm.nih.gov/pubmed/22007077
https://doi.org/10.1124/pr.118.017178
https://doi.org/10.1016/j.peptides.2013.12.015
https://doi.org/10.1097/FJC.0000000000000087
https://doi.org/10.1111/imr.12170
https://doi.org/10.1046/j.1365-3083.2001.00984.x
https://doi.org/10.1210/jc.2012-4288
https://www.ncbi.nlm.nih.gov/pubmed/23539735
https://doi.org/10.1210/en.2010-1312
https://www.ncbi.nlm.nih.gov/pubmed/21427223
https://doi.org/10.1159/000341487
https://doi.org/10.1042/CS20100061
https://doi.org/10.1152/ajpheart.00209.2014
https://doi.org/10.1007/s11883-014-0408-2
https://www.ncbi.nlm.nih.gov/pubmed/24623180
https://doi.org/10.1016/j.ejphar.2020.173037
https://doi.org/10.1161/CIRCRESAHA.115.306301
https://doi.org/10.1089/ars.2008.2220
https://doi.org/10.1016/j.atherosclerosis.2013.10.025
https://doi.org/10.1038/nrm3028
https://www.ncbi.nlm.nih.gov/pubmed/21179058
https://doi.org/10.1073/pnas.0911187107
https://www.ncbi.nlm.nih.gov/pubmed/19966284
https://doi.org/10.1016/j.mce.2022.111560
https://doi.org/10.1161/01.CIR.0000131515.03336.f8


Pharmaceutics 2023, 15, 1858 21 of 25

76. Matsubara, J.; Sugiyama, S.; Sugamura, K.; Nakamura, T.; Fujiwara, Y.; Akiyama, E.; Kurokawa, H.; Nozaki, T.; Ohba, K.;
Konishi, M.; et al. A Dipeptidyl Peptidase-4 Inhibitor, Des-Fluoro-Sitagliptin, Improves Endothelial Function and Reduces
Atherosclerotic Lesion Formation in Apolipoprotein E–Deficient Mice. J. Am. Coll. Cardiol. 2012, 59, 265–276. [CrossRef] [PubMed]

77. Garcia, V.; Sessa, W.C. Endothelial NOS: Perspective and Recent Developments. Br. J. Pharmacol. 2019, 176, 189–196. [CrossRef] [PubMed]
78. Yang, Y.-M.; Huang, A.; Kaley, G.; Sun, D. ENOS Uncoupling and Endothelial Dysfunction in Aged Vessels. Am. J. Physiol. Circ.

Physiol. 2009, 297, H1829–H1836. [CrossRef]
79. Koska, J.; Sands, M.; Burciu, C.; D’Souza, K.M.; Raravikar, K.; Liu, J.; Truran, S.; Franco, D.A.; Schwartz, E.A.; Schwenke, D.C.;

et al. Exenatide Protects Against Glucose- and Lipid-Induced Endothelial Dysfunction: Evidence for Direct Vasodilation Effect of
GLP-1 Receptor Agonists in Humans. Diabetes 2015, 64, 2624–2635. [CrossRef]

80. Wei, R.; Ma, S.; Wang, C.; Ke, J.; Yang, J.; Li, W.; Liu, Y.; Hou, W.; Feng, X.; Wang, G.; et al. Exenatide Exerts Direct Protective
Effects on Endothelial Cells through the AMPK/Akt/ENOS Pathway in a GLP-1 Receptor-Dependent Manner. Am. J. Physiol.
Metab. 2016, 310, E947–E957. [CrossRef]

81. Dai, Y.; Mehta, J.L.; Chen, M. Glucagon-like Peptide-1 Receptor Agonist Liraglutide Inhibits Endothelin-1 in Endothelial Cell by
Repressing Nuclear Factor-Kappa B Activation. Cardiovasc. Drugs Ther. 2013, 27, 371–380. [CrossRef] [PubMed]

82. TANG, S.-T.; SU, H.; ZHANG, Q.; TANG, H.-Q.; WANG, C.-J.; ZHOU, Q.; WEI, W.; ZHU, H.-Q.; WANG, Y. Sitagliptin Inhibits
Endothelin-1 Expression in the Aortic Endothelium of Rats with Streptozotocin-Induced Diabetes by Suppressing the Nuclear
Factor-KB/IκBα System through the Activation of AMP-Activated Protein Kinase. Int. J. Mol. Med. 2016, 37, 1558–1566.
[CrossRef] [PubMed]

83. Shah, Z.; Pineda, C.; Kampfrath, T.; Maiseyeu, A.; Ying, Z.; Racoma, I.; Deiuliis, J.; Xu, X.; Sun, Q.; Moffatt-Bruce, S.; et al. Acute
DPP-4 Inhibition Modulates Vascular Tone through GLP-1 Independent Pathways. Vascul. Pharmacol. 2011, 55, 2–9. [CrossRef]

84. Mason, R.P.; Jacob, R.F.; Kubant, R.; Walter, M.F.; Bellamine, A.; Jacoby, A.; Mizuno, Y.; Malinski, T. Effect of Enhanced Glycemic
Control with Saxagliptin on Endothelial Nitric Oxide Release and CD40 Levels in Obese Rats. J. Atheroscler. Thromb. 2011, 18,
774–783. [CrossRef]

85. Oeseburg, H.; de Boer, R.A.; Buikema, H.; van der Harst, P.; van Gilst, W.H.; Silljé, H.H.W. Glucagon-Like Peptide 1 Prevents
Reactive Oxygen Species–Induced Endothelial Cell Senescence through the Activation of Protein Kinase A. Arterioscler. Thromb.
Vasc. Biol. 2010, 30, 1407–1414. [CrossRef]

86. Luo, X.; Hu, Y.; He, S.; Ye, Q.; Lv, Z.; Liu, J.; Chen, X. Dulaglutide Inhibits High Glucose-Induced Endothelial Dysfunction and
NLRP3 Inflammasome Activation. Arch. Biochem. Biophys. 2019, 671, 203–209. [CrossRef] [PubMed]

87. Xia, J.; Li, Q.; Liu, Y.; Ren, Q.; Gao, J.; Tian, Y.; Li, J.; Zhang, B.; Sun, H.; Liu, S. A GLP-1 Analog Liraglutide Reduces Intimal
Hyperplasia after Coronary Stent Implantation via Regulation of Glycemic Variability and NLRP3 Inflammasome/IL-10 Signaling
in Diabetic Swine. Front. Pharmacol. 2020, 11, 372. [CrossRef] [PubMed]

88. Yang, Y.; Zhou, Y.; Wang, Y.; Wei, X.; Wu, L.; Wang, T.; Ma, A. Exendin-4 Reverses High Glucose-Induced Endothelial Progenitor
Cell Dysfunction via SDF-1β/CXCR7–AMPK/P38-MAPK/IL-6 Axis. Acta Diabetol. 2020, 57, 1315–1326. [CrossRef]

89. Hattori, Y.; Jojima, T.; Tomizawa, A.; Satoh, H.; Hattori, S.; Kasai, K.; Hayashi, T. Retraction Note: A Glucagon-like Peptide-1
(GLP-1) Analogue, Liraglutide, Upregulates Nitric Oxide Production and Exerts Anti-Inflammatory Action in Endothelial Cells.
Diabetologia 2012, 55, 533. [CrossRef]

90. Adams, C.J.; Kopp, M.C.; Larburu, N.; Nowak, P.R.; Ali, M.M.U. Structure and Molecular Mechanism of ER Stress Signaling by
the Unfolded Protein Response Signal Activator IRE1. Front. Mol. Biosci. 2019, 6, 11. [CrossRef]

91. Yang, Y.; Zhou, Y.; Wang, Y.; Wei, X.; Wang, T.; Ma, A. Exendin-4 Regulates Endoplasmic Reticulum Stress to Protect Endothelial
Progenitor Cells from High-Glucose Damage. Mol. Cell. Probes 2020, 51, 101527. [CrossRef]

92. Kapadia, P.; Bikkina, P.; Landicho, M.A.; Parekh, S.; Haas, M.J.; Mooradian, A.D. Effect of Anti-Hyperglycemic Drugs on
Endoplasmic Reticulum (ER) Stress in Human Coronary Artery Endothelial Cells. Eur. J. Pharmacol. 2021, 907, 174249. [CrossRef]

93. Chistiakov, D.A.; Orekhov, A.N.; Bobryshev, Y.V. Endothelial Barrier and Its Abnormalities in Cardiovascular Disease. Front.
Physiol. 2015, 6, 365. [CrossRef] [PubMed]

94. Li, A.Q.; Zhao, L.; Zhou, T.F.; Zhang, M.Q.; Qin, X.M. Exendin-4 Promotes Endothelial Barrier Enhancement via PKA- and
Epac1-Dependent Rac1 Activation. Am. J. Physiol. Physiol. 2015, 308, C164–C175. [CrossRef] [PubMed]

95. Tang, S.; Tang, H.; Su, H.; Wang, Y.; Zhou, Q.; Zhang, Q.; Wang, Y.; Zhu, H. Glucagon-like Peptide-1 Attenuates Endothelial
Barrier Injury in Diabetes via CAMP/PKA Mediated down-Regulation of MLC Phosphorylation. Biomed. Pharmacother. 2019, 113,
108667. [CrossRef] [PubMed]

96. Fadini, G.P.; Sartore, S.; Agostini, C.; Avogaro, A. Significance of Endothelial Progenitor Cells in Subjects with Diabetes. Diabetes
Care 2007, 30, 1305–1313. [CrossRef] [PubMed]

97. Tepper, O.M.; Galiano, R.D.; Capla, J.M.; Kalka, C.; Gagne, P.J.; Jacobowitz, G.R.; Levine, J.P.; Gurtner, G.C. Human Endothelial
Progenitor Cells from Type II Diabetics Exhibit Impaired Proliferation, Adhesion, and Incorporation into Vascular Structures.
Circulation 2002, 106, 2781–2786. [CrossRef]

98. Shigeta, T.; Aoyama, M.; Bando, Y.K.; Monji, A.; Mitsui, T.; Takatsu, M.; Cheng, X.-W.; Okumura, T.; Hirashiki, A.; Nagata, K.;
et al. Dipeptidyl Peptidase-4 Modulates Left Ventricular Dysfunction in Chronic Heart Failure via Angiogenesis-Dependent and
-Independent Actions. Circulation 2012, 126, 1838–1851. [CrossRef]

99. Hocher, B.; Sharkovska, Y.; Mark, M.; Klein, T.; Pfab, T. The Novel DPP-4 Inhibitors Linagliptin and BI 14361 Reduce Infarct Size
after Myocardial Ischemia/Reperfusion in Rats. Int. J. Cardiol. 2013, 167, 87–93. [CrossRef]

https://doi.org/10.1016/j.jacc.2011.07.053
https://www.ncbi.nlm.nih.gov/pubmed/22240132
https://doi.org/10.1111/bph.14522
https://www.ncbi.nlm.nih.gov/pubmed/30341769
https://doi.org/10.1152/ajpheart.00230.2009
https://doi.org/10.2337/db14-0976
https://doi.org/10.1152/ajpendo.00400.2015
https://doi.org/10.1007/s10557-013-6463-z
https://www.ncbi.nlm.nih.gov/pubmed/23657563
https://doi.org/10.3892/ijmm.2016.2578
https://www.ncbi.nlm.nih.gov/pubmed/27122056
https://doi.org/10.1016/j.vph.2011.03.001
https://doi.org/10.5551/jat.7666
https://doi.org/10.1161/ATVBAHA.110.206425
https://doi.org/10.1016/j.abb.2019.07.008
https://www.ncbi.nlm.nih.gov/pubmed/31302140
https://doi.org/10.3389/fphar.2020.00372
https://www.ncbi.nlm.nih.gov/pubmed/32273846
https://doi.org/10.1007/s00592-020-01551-3
https://doi.org/10.1007/s00125-011-2394-z
https://doi.org/10.3389/fmolb.2019.00011
https://doi.org/10.1016/j.mcp.2020.101527
https://doi.org/10.1016/j.ejphar.2021.174249
https://doi.org/10.3389/fphys.2015.00365
https://www.ncbi.nlm.nih.gov/pubmed/26696899
https://doi.org/10.1152/ajpcell.00249.2014
https://www.ncbi.nlm.nih.gov/pubmed/25377089
https://doi.org/10.1016/j.biopha.2019.108667
https://www.ncbi.nlm.nih.gov/pubmed/30852419
https://doi.org/10.2337/dc06-2305
https://www.ncbi.nlm.nih.gov/pubmed/17277037
https://doi.org/10.1161/01.CIR.0000039526.42991.93
https://doi.org/10.1161/CIRCULATIONAHA.112.096479
https://doi.org/10.1016/j.ijcard.2011.12.007


Pharmaceutics 2023, 15, 1858 22 of 25

100. Huang, C.-Y.; Shih, C.-M.; Tsao, N.-W.; Lin, Y.-W.; Huang, P.-H.; Wu, S.-C.; Lee, A.-W.; Kao, Y.-T.; Chang, N.-C.; Nakagami, H.;
et al. Dipeptidyl Peptidase-4 Inhibitor Improves Neovascularization by Increasing Circulating Endothelial Progenitor Cells. Br. J.
Pharmacol. 2012, 167, 1506–1519. [CrossRef]

101. Helmstädter, J.; Frenis, K.; Filippou, K.; Grill, A.; Dib, M.; Kalinovic, S.; Pawelke, F.; Kus, K.; Kröller-Schön, S.; Oelze, M.;
et al. Endothelial GLP-1 (Glucagon-Like Peptide-1) Receptor Mediates Cardiovascular Protection by Liraglutide in Mice with
Experimental Arterial Hypertension. Arterioscler. Thromb. Vasc. Biol. 2020, 40, 145–158. [CrossRef]

102. Chang, W.; Zhu, F.; Zheng, H.; Zhou, Z.; Miao, P.; Zhao, L.; Mao, Z. Glucagon-like Peptide-1 Receptor Agonist Dulaglutide Pre-
vents Ox-LDL-Induced Adhesion of Monocytes to Human Endothelial Cells: An Implication in the Treatment of Atherosclerosis.
Mol. Immunol. 2019, 116, 73–79. [CrossRef]

103. Piera-Velazquez, S.; Jimenez, S.A. Endothelial to Mesenchymal Transition: Role in Physiology and in the Pathogenesis of Human
Diseases. Physiol. Rev. 2019, 99, 1281–1324. [CrossRef]

104. Tsai, T.-H.; Lee, C.-H.; Cheng, C.-I.; Fang, Y.-N.; Chung, S.-Y.; Chen, S.-M.; Lin, C.-J.; Wu, C.-J.; Hang, C.-L.; Chen, W.-Y.
Liraglutide Inhibits Endothelial-to-Mesenchymal Transition and Attenuates Neointima Formation after Endovascular Injury in
Streptozotocin-Induced Diabetic Mice. Cells 2019, 8, 589. [CrossRef]

105. Bennett, M.R.; Sinha, S.; Owens, G.K. Vascular Smooth Muscle Cells in Atherosclerosis. Circ. Res. 2016, 118, 692–702. [CrossRef] [PubMed]
106. Shi, L.; Ji, Y.; Jiang, X.; Zhou, L.; Xu, Y.; Li, Y.; Jiang, W.; Meng, P.; Liu, X. Liraglutide Attenuates High Glucose-Induced Abnormal

Cell Migration, Proliferation, and Apoptosis of Vascular Smooth Muscle Cells by Activating the GLP-1 Receptor, and Inhibiting
ERK1/2 and PI3K/Akt Signaling Pathways. Cardiovasc. Diabetol. 2015, 14, 18. [CrossRef]

107. Xia, X.-D.; Zhou, Z.; Yu, X.; Zheng, X.-L.; Tang, C.-K. Myocardin: A Novel Player in Atherosclerosis. Atherosclerosis 2017, 257,
266–278. [CrossRef] [PubMed]

108. Di, B.; Li, H.-W.; Li, W.; Hua, B. Liraglutide Inhibited AGEs Induced Coronary Smooth Muscle Cell Phenotypic Transition through
Inhibiting the NF-KB Signal Pathway. Peptides 2019, 112, 125–132. [CrossRef]

109. Liu, Z.; Zhang, M.; Zhou, T.; Shen, Q.; Qin, X. Exendin-4 Promotes the Vascular Smooth Muscle Cell Re-Differentiation through
AMPK/SIRT1/FOXO3a Signaling Pathways. Atherosclerosis 2018, 276, 58–66. [CrossRef] [PubMed]

110. Dai, Y.; Mercanti, F.; Dai, D.; Wang, X.; Ding, Z.; Pothineni, N.V.; Mehta, J.L. LOX-1, a Bridge between GLP-1R and Mitochondrial
ROS Generation in Human Vascular Smooth Muscle Cells. Biochem. Biophys. Res. Commun. 2013, 437, 62–66. [CrossRef] [PubMed]

111. Cheng, G.; Diebold, B.A.; Hughes, Y.; Lambeth, J.D. Nox1-Dependent Reactive Oxygen Generation Is Regulated by Rac1. J. Biol.
Chem. 2006, 281, 17718–17726. [CrossRef]

112. Zhao, L.; Li, A.Q.; Zhou, T.F.; Zhang, M.Q.; Qin, X.M. Exendin-4 Alleviates Angiotensin II-Induced Senescence in Vascular
Smooth Muscle Cells by Inhibiting Rac1 Activation via a CAMP/PKA-Dependent Pathway. Am. J. Physiol. Physiol. 2014, 307,
C1130–C1141. [CrossRef] [PubMed]

113. Gallego-Colon, E.; Klych-Ratuszny, A.; Kosowska, A.; Garczorz, W.; Aghdam, M.R.F.; Wozniak, M.; Francuz, T. Exenatide
Modulates Metalloproteinase Expression in Human Cardiac Smooth Muscle Cells via the Inhibition of Akt Signaling Pathway.
Pharmacol. Rep. 2018, 70, 178–183. [CrossRef]

114. Lim, S.; Choi, S.H.; Shin, H.; Cho, B.J.; Park, H.S.; Ahn, B.Y.; Kang, S.M.; Yoon, J.W.; Jang, H.C.; Kim, Y.-B.; et al. Effect of a
Dipeptidyl Peptidase-IV Inhibitor, Des-Fluoro-Sitagliptin, on Neointimal Formation after Balloon Injury in Rats. PLoS ONE 2012,
7, e35007. [CrossRef]

115. Wronkowitz, N.; Görgens, S.W.; Romacho, T.; Villalobos, L.A.; Sánchez-Ferrer, C.F.; Peiró, C.; Sell, H.; Eckel, J. Soluble DPP4
Induces Inflammation and Proliferation of Human Smooth Muscle Cells via Protease-Activated Receptor 2. Biochim. Biophys. Acta
Mol. Basis Dis. 2014, 1842, 1613–1621. [CrossRef] [PubMed]

116. Takahashi, H.; Nomiyama, T.; Terawaki, Y.; Horikawa, T.; Kawanami, T.; Hamaguchi, Y.; Tanaka, T.; Motonaga, R.; Fukuda, T.;
Tanabe, M.; et al. Combined Treatment with DPP-4 Inhibitor Linagliptin and SGLT2 Inhibitor Empagliflozin Attenuates Neointima
Formation after Vascular Injury in Diabetic Mice. Biochem. Biophys. Rep. 2019, 18, 100640. [CrossRef]

117. Choi, S.H.; Park, S.; Oh, C.J.; Leem, J.; Park, K.-G.; Lee, I.-K. Dipeptidyl Peptidase-4 Inhibition by Gemigliptin Prevents Abnormal
Vascular Remodeling via NF-E2-Related Factor 2 Activation. Vascul. Pharmacol. 2015, 73, 11–19. [CrossRef] [PubMed]

118. Xu, J.; Wang, J.; He, M.; Han, H.; Xie, W.; Wang, H.; Kong, H. Dipeptidyl Peptidase IV (DPP-4) Inhibition Alleviates Pulmonary
Arterial Remodeling in Experimental Pulmonary Hypertension. Lab. Investig. 2018, 98, 1333–1346. [CrossRef]

119. Ji, Y.; Ge, Y.; Xu, X.; Ye, S.; Fan, Y.; Zhang, J.; Mei, L.; Zhang, X.; Ying, L.; Yang, T.; et al. Vildagliptin Reduces Stenosis of Injured
Carotid Artery in Diabetic Mouse through Inhibiting Vascular Smooth Muscle Cell Proliferation via ER Stress/NF-KB Pathway.
Front. Pharmacol. 2019, 10, 142. [CrossRef]

120. Ervinna, N.; Mita, T.; Yasunari, E.; Azuma, K.; Tanaka, R.; Fujimura, S.; Sukmawati, D.; Nomiyama, T.; Kanazawa, A.; Kawamori, R.;
et al. Anagliptin, a DPP-4 Inhibitor, Suppresses Proliferation of Vascular Smooth Muscles and Monocyte Inflammatory Reaction
and Attenuates Atherosclerosis in Male Apo E-Deficient Mice. Endocrinology 2013, 154, 1260–1270. [CrossRef]

121. Nusca, A.; Tuccinardi, D.; Pieralice, S.; Giannone, S.; Carpenito, M.; Monte, L.; Watanabe, M.; Cavallari, I.; Maddaloni, E.;
Ussia, G.P.; et al. Platelet Effects of Anti-Diabetic Therapies: New Perspectives in the Management of Patients with Diabetes and
Cardiovascular Disease. Front. Pharmacol. 2021, 12, 670155. [CrossRef]

122. Vinik, A.I.; Erbas, T.; Park, T.S.; Nolan, R.; Pittenger, G.L. Platelet Dysfunction in Type 2 Diabetes. Diabetes Care 2001, 24, 1476–1485.
[CrossRef] [PubMed]

123. Schneider, D.J. Factors Contributing to Increased Platelet Reactivity in People with Diabetes. Diabetes Care 2009, 32, 525–527. [CrossRef]

https://doi.org/10.1111/j.1476-5381.2012.02102.x
https://doi.org/10.1161/atv.0000615456.97862.30
https://doi.org/10.1016/j.molimm.2019.09.021
https://doi.org/10.1152/physrev.00021.2018
https://doi.org/10.3390/cells8060589
https://doi.org/10.1161/CIRCRESAHA.115.306361
https://www.ncbi.nlm.nih.gov/pubmed/26892967
https://doi.org/10.1186/s12933-015-0177-4
https://doi.org/10.1016/j.atherosclerosis.2016.12.002
https://www.ncbi.nlm.nih.gov/pubmed/28012646
https://doi.org/10.1016/j.peptides.2018.11.008
https://doi.org/10.1016/j.atherosclerosis.2018.07.016
https://www.ncbi.nlm.nih.gov/pubmed/30036742
https://doi.org/10.1016/j.bbrc.2013.06.035
https://www.ncbi.nlm.nih.gov/pubmed/23806684
https://doi.org/10.1074/jbc.M512751200
https://doi.org/10.1152/ajpcell.00151.2014
https://www.ncbi.nlm.nih.gov/pubmed/25298426
https://doi.org/10.1016/j.pharep.2017.10.003
https://doi.org/10.1371/annotation/f0a21e28-7f3c-4b76-870e-128dd89d0e29
https://doi.org/10.1016/j.bbadis.2014.06.004
https://www.ncbi.nlm.nih.gov/pubmed/24928308
https://doi.org/10.1016/j.bbrep.2019.100640
https://doi.org/10.1016/j.vph.2015.07.005
https://www.ncbi.nlm.nih.gov/pubmed/26187356
https://doi.org/10.1038/s41374-018-0080-1
https://doi.org/10.3389/fphar.2019.00142
https://doi.org/10.1210/en.2012-1855
https://doi.org/10.3389/fphar.2021.670155
https://doi.org/10.2337/diacare.24.8.1476
https://www.ncbi.nlm.nih.gov/pubmed/11473089
https://doi.org/10.2337/dc08-1865


Pharmaceutics 2023, 15, 1858 23 of 25

124. Li, Y.; Woo, V.; Bose, R. Platelet Hyperactivity and Abnormal Ca2+ Homeostasis in Diabetes Mellitus. Am. J. Physiol. Circ. Physiol.
2001, 280, H1480–H1489. [CrossRef] [PubMed]

125. Cameron-Vendrig, A.; Reheman, A.; Siraj, M.A.; Xu, X.R.; Wang, Y.; Lei, X.; Afroze, T.; Shikatani, E.; El-Mounayri, O.; Noyan, H.;
et al. Glucagon-Like Peptide 1 Receptor Activation Attenuates Platelet Aggregation and Thrombosis. Diabetes 2016, 65, 1714–1723.
[CrossRef] [PubMed]

126. Steven, S.; Jurk, K.; Kopp, M.; Kröller-Schön, S.; Mikhed, Y.; Schwierczek, K.; Roohani, S.; Kashani, F.; Oelze, M.; Klein, T.; et al.
Glucagon-like Peptide-1 Receptor Signalling Reduces Microvascular Thrombosis, Nitro-Oxidative Stress and Platelet Activation
in Endotoxaemic Mice. Br. J. Pharmacol. 2017, 174, 1620–1632. [CrossRef]

127. Jin, X.; Jin, C.; Nakamura, K.; Jin, T.; Xin, M.; Wan, Y.; Yue, X.; Jin, S.; Wang, H.; Inoue, A.; et al. Increased Dipeptidyl Peptidase-4
Accelerates Chronic Stress-Related Thrombosis in a Mouse Carotid Artery Model. J. Hypertens. 2020, 38, 1504–1513. [CrossRef]

128. Rondina, M.T.; Weyrich, A.S. Targeting Phosphodiesterases in Anti-Platelet Therapy. In Antiplatelet Agents; Springer:
Berlin/Heidelberg, Germany, 2012; pp. 225–238.

129. Li, D.; Chen, K.; Sinha, N.; Zhang, X.; Wang, Y.; Sinha, A.; Romeo, F.; Mehta, J. The Effects of PPAR-? Ligand Pioglitazone on
Platelet Aggregation and Arterial Thrombus Formation. Cardiovasc. Res. 2005, 65, 907–912. [CrossRef]

130. Gupta, A.K.; Verma, A.K.; Kailashiya, J.; Singh, S.K.; Kumar, N. Sitagliptin: Anti-Platelet Effect in Diabetes and Healthy Volunteers.
Platelets 2012, 23, 565–570. [CrossRef]

131. Chen, J.; Zhao, H.; Ma, X.; Zhang, Y.; Lu, S.; Wang, Y.; Zong, C.; Qin, D.; Wang, Y.; Yingfeng Yang, Y.; et al. GLP-1/GLP-1R
Signaling in Regulation of Adipocyte Differentiation and Lipogenesis. Cell. Physiol. Biochem. 2017, 42, 1165–1176. [CrossRef]

132. Ben-Shlomo, S.; Zvibel, I.; Shnell, M.; Shlomai, A.; Chepurko, E.; Halpern, Z.; Barzilai, N.; Oren, R.; Fishman, S. Glucagon-like
Peptide-1 Reduces Hepatic Lipogenesis via Activation of AMP-Activated Protein Kinase. J. Hepatol. 2011, 54, 1214–1223. [CrossRef]

133. Parlevliet, E.T.; Wang, Y.; Geerling, J.J.; Schröder-Van der Elst, J.P.; Picha, K.; O’Neil, K.; Stojanovic-Susulic, V.; Ort, T.;
Havekes, L.M.; Romijn, J.A.; et al. GLP-1 Receptor Activation Inhibits VLDL Production and Reverses Hepatic Steatosis
by Decreasing Hepatic Lipogenesis in High-Fat-Fed APOE*3-Leiden Mice. PLoS ONE 2012, 7, e49152. [CrossRef]

134. Zilleßen, P.; Celner, J.; Kretschmann, A.; Pfeifer, A.; Racké, K.; Mayer, P. Metabolic Role of Dipeptidyl Peptidase 4 (DPP4) in
Primary Human (Pre)Adipocytes. Sci. Rep. 2016, 6, 23074. [CrossRef] [PubMed]

135. Xu, F.; Lin, B.; Zheng, X.; Chen, Z.; Cao, H.; Xu, H.; Liang, H.; Weng, J. GLP-1 Receptor Agonist Promotes Brown Remodelling in
Mouse White Adipose Tissue through SIRT1. Diabetologia 2016, 59, 1059–1069. [CrossRef]

136. Tomovic, K.; Lazarevic, J.; Kocic, G.; Deljanin-Ilic, M.; Anderluh, M.; Smelcerovic, A. Mechanisms and Pathways of Anti-
Inflammatory Activity of DPP-4 Inhibitors in Cardiovascular and Renal Protection. Med. Res. Rev. 2019, 39, 404–422. [CrossRef]

137. Patel, V.; Joharapurkar, A.; Dhanesha, N.; Kshirsagar, S.; Detroja, J.; Patel, K.; Gandhi, T.; Patel, K.; Bahekar, R.; Jain, M.
Combination of Omeprazole with GLP-1 Agonist Therapy Improves Insulin Sensitivity and Antioxidant Activity in Liver in Type
1 Diabetic Mice. Pharmacol. Rep. 2013, 65, 927–936. [CrossRef] [PubMed]

138. Nagashima, M.; Watanabe, T.; Terasaki, M.; Tomoyasu, M.; Nohtomi, K.; Kim-Kaneyama, J.; Miyazaki, A.; Hirano, T. Native
Incretins Prevent the Development of Atherosclerotic Lesions in Apolipoprotein E Knockout Mice. Diabetologia 2011, 54, 2649–2659.
[CrossRef] [PubMed]

139. Sudo, M.; Li, Y.; Hiro, T.; Takayama, T.; Mitsumata, M.; Shiomi, M.; Sugitani, M.; Matsumoto, T.; Hao, H.; Hirayama, A. Inhibition
of Plaque Progression and Promotion of Plaque Stability by Glucagon-like Peptide-1 Receptor Agonist: Serial in Vivo Findings
from IMap-IVUS in Watanabe Heritable Hyperlipidemic Rabbits. Atherosclerosis 2017, 265, 283–291. [CrossRef]

140. Balestrieri, M.L.; Rizzo, M.R.; Barbieri, M.; Paolisso, P.; D’Onofrio, N.; Giovane, A.; Siniscalchi, M.; Minicucci, F.; Sardu, C.;
D’Andrea, D.; et al. Sirtuin 6 Expression and Inflammatory Activity in Diabetic Atherosclerotic Plaques: Effects of Incretin
Treatment. Diabetes 2015, 64, 1395–1406. [CrossRef]

141. Piotrowski, K.; Becker, M.; Zugwurst, J.; Biller-Friedmann, I.; Spoettl, G.; Greif, M.; Leber, A.W.; Becker, A.; Laubender, R.P.;
Lebherz, C.; et al. Circulating Concentrations of GLP-1 Are Associated with Coronary Atherosclerosis in Humans. Cardiovasc.
Diabetol. 2013, 12, 117. [CrossRef]

142. Nusca, A.; Lauria Pantano, A.; Melfi, R.; Proscia, C.; Maddaloni, E.; Contuzzi, R.; Mangiacapra, F.; Palermo, A.; Manfrini, S.;
Pozzilli, P.; et al. Glycemic Variability Assessed by Continuous Glucose Monitoring and Short-Term Outcome in Diabetic Patients
Undergoing Percutaneous Coronary Intervention: An Observational Pilot Study. J. Diabetes Res. 2015, 2015, 250201. [CrossRef]

143. Timmers, L.; Henriques, J.P.S.; de Kleijn, D.P.V.; DeVries, J.H.; Kemperman, H.; Steendijk, P.; Verlaan, C.W.J.; Kerver, M.; Piek, J.J.;
Doevendans, P.A.; et al. Exenatide Reduces Infarct Size and Improves Cardiac Function in a Porcine Model of Ischemia and
Reperfusion Injury. J. Am. Coll. Cardiol. 2009, 53, 501–510. [CrossRef]

144. Lønborg, J.; Kelbæk, H.; Vejlstrup, N.; Bøtker, H.E.; Kim, W.Y.; Holmvang, L.; Jørgensen, E.; Helqvist, S.; Saunamäki, K.;
Terkelsen, C.J.; et al. Exenatide Reduces Final Infarct Size in Patients With ST-Segment–Elevation Myocardial Infarction and
Short-Duration of Ischemia. Circ. Cardiovasc. Interv. 2012, 5, 288–295. [CrossRef] [PubMed]

145. Lee, C.-H.; Hsieh, M.-J.; Chang, S.-H.; Hung, K.-C.; Wang, C.-J.; Hsu, M.-Y.; Juang, J.-H.; Hsieh, I.-C.; Wen, M.-S.; Liu, S.-J.
Nanofibrous Vildagliptin-Eluting Stents Enhance Re-Endothelialization and Reduce Neointimal Formation in Diabetes: In Vitro
and in Vivo. Int. J. Nanomed. 2019, 14, 7503–7513. [CrossRef]

https://doi.org/10.1152/ajpheart.2001.280.4.H1480
https://www.ncbi.nlm.nih.gov/pubmed/11247757
https://doi.org/10.2337/db15-1141
https://www.ncbi.nlm.nih.gov/pubmed/26936963
https://doi.org/10.1111/bph.13549
https://doi.org/10.1097/HJH.0000000000002418
https://doi.org/10.1016/j.cardiores.2004.11.027
https://doi.org/10.3109/09537104.2012.721907
https://doi.org/10.1159/000478872
https://doi.org/10.1016/j.jhep.2010.09.032
https://doi.org/10.1371/journal.pone.0049152
https://doi.org/10.1038/srep23074
https://www.ncbi.nlm.nih.gov/pubmed/26983599
https://doi.org/10.1007/s00125-016-3896-5
https://doi.org/10.1002/med.21513
https://doi.org/10.1016/S1734-1140(13)71074-0
https://www.ncbi.nlm.nih.gov/pubmed/24145087
https://doi.org/10.1007/s00125-011-2241-2
https://www.ncbi.nlm.nih.gov/pubmed/21786155
https://doi.org/10.1016/j.atherosclerosis.2017.06.920
https://doi.org/10.2337/db14-1149
https://doi.org/10.1186/1475-2840-12-117
https://doi.org/10.1155/2015/250201
https://doi.org/10.1016/j.jacc.2008.10.033
https://doi.org/10.1161/CIRCINTERVENTIONS.112.968388
https://www.ncbi.nlm.nih.gov/pubmed/22496084
https://doi.org/10.2147/IJN.S211898


Pharmaceutics 2023, 15, 1858 24 of 25

146. Volpe, M.; Gallo, G. Systolic Blood Pressure Target Less than 120 MmHg: The ‘Chariot Allegory’ in Hypertension? J. Hypertens.
2020, 38, 1462–1463. [CrossRef] [PubMed]

147. Anholm, C.; Kumarathurai, P.; Pedersen, L.R.; Samkani, A.; Walzem, R.L.; Nielsen, O.W.; Kristiansen, O.P.; Fenger, M.; Madsbad, S.;
Sajadieh, A.; et al. Liraglutide in Combination with Metformin May Improve the Atherogenic Lipid Profile and Decrease C-
Reactive Protein Level in Statin Treated Obese Patients with Coronary Artery Disease and Newly Diagnosed Type 2 Diabetes: A
Randomized Trial. Atherosclerosis 2019, 288, 60–66. [CrossRef]

148. Liu, Y.; Jiang, X.; Chen, X. Liraglutide and Metformin Alone or Combined Therapy for Type 2 Diabetes Patients Complicated with
Coronary Artery Disease. Lipids Health Dis. 2017, 16, 227. [CrossRef] [PubMed]

149. Sattar, N.; Lee, M.M.Y.; Kristensen, S.L.; Branch, K.R.H.; Del Prato, S.; Khurmi, N.S.; Lam, C.S.P.; Lopes, R.D.; McMurray, J.J.V.;
Pratley, R.E.; et al. Cardiovascular, Mortality, and Kidney Outcomes with GLP-1 Receptor Agonists in Patients with Type 2
Diabetes: A Systematic Review and Meta-Analysis of Randomised Trials. Lancet Diabetes Endocrinol. 2021, 9, 653–662. [CrossRef]

150. Woo, J.S.; Kim, W.; Ha, S.J.; Kim, J.B.; Kim, S.-J.; Kim, W.-S.; Seon, H.J.; Kim, K.S. Cardioprotective Effects of Exenatide in Patients
with ST-Segment–Elevation Myocardial Infarction Undergoing Primary Percutaneous Coronary Intervention. Arterioscler. Thromb.
Vasc. Biol. 2013, 33, 2252–2260. [CrossRef] [PubMed]

151. Chen, W.R.; Chen, Y.D.; Tian, F.; Yang, N.; Cheng, L.Q.; Hu, S.Y.; Wang, J.; Yang, J.J.; Wang, S.F.; Gu, X.F. Effects of Liraglutide
on Reperfusion Injury in Patients with ST-Segment–Elevation Myocardial Infarction. Circ. Cardiovasc. Imaging 2016, 9, e005146.
[CrossRef] [PubMed]

152. Chen, W.R.; Hu, S.Y.; Chen, Y.D.; Zhang, Y.; Qian, G.; Wang, J.; Yang, J.J.; Wang, Z.F.; Tian, F.; Ning, Q.X. Effects of Liraglutide
on Left Ventricular Function in Patients with ST-Segment Elevation Myocardial Infarction Undergoing Primary Percutaneous
Coronary Intervention. Am. Heart J. 2015, 170, 845–854. [CrossRef] [PubMed]

153. Chen, W.R.; Tian, F.; Chen, Y.D.; Wang, J.; Yang, J.J.; Wang, Z.F.; Da Wang, J.; Ning, Q.X. Effects of Liraglutide on No-Reflow in
Patients with Acute ST-Segment Elevation Myocardial Infarction. Int. J. Cardiol. 2016, 208, 109–114. [CrossRef] [PubMed]

154. Huang, M.; Wei, R.; Wang, Y.; Su, T.; Li, Q.; Yang, X.; Chen, X. Protective Effect of Glucagon-like Peptide-1 Agents on Reperfusion
Injury for Acute Myocardial Infarction: A Meta-Analysis of Randomized Controlled Trials. Ann. Med. 2017, 49, 552–561.
[CrossRef] [PubMed]

155. Trevisan, M.; Fu, E.L.; Szummer, K.; Norhammar, A.; Lundman, P.; Wanner, C.; Sjölander, A.; Jernberg, T.; Carrero, J.J. Glucagon-
like Peptide-1 Receptor Agonists and the Risk of Cardiovascular Events in Diabetes Patients Surviving an Acute Myocardial
Infarction. Eur. Hear. J. Cardiovasc. Pharmacother. 2021, 7, 104–111. [CrossRef]

156. Leibovitz, E.; Gottlieb, S.; Goldenberg, I.; Gevrielov-Yusim, N.; Matetzky, S.; Gavish, D. Sitagliptin Pretreatment in Diabetes
Patients Presenting with Acute Coronary Syndrome: Results from the Acute Coronary Syndrome Israeli Survey (ACSIS).
Cardiovasc. Diabetol. 2013, 12, 53. [CrossRef]

157. Kato, S.; Fukui, K.; Kirigaya, H.; Gyotoku, D.; Iinuma, N.; Kusakawa, Y.; Iguchi, K.; Nakachi, T.; Iwasawa, T.; Kimura, K. Inhibition
of DPP-4 by Alogliptin Improves Coronary Flow Reserve and Left Ventricular Systolic Function Evaluated by Phase Contrast
Cine Magnetic Resonance Imaging in Patients with Type 2 Diabetes and Coronary Artery Disease. Int. J. Cardiol. 2016, 223,
770–775. [CrossRef]

158. Santos-Pardo, I.; Lagerqvist, B.; Ritsinger, V.; Witt, N.; Norhammar, A.; Nyström, T. Risk of Stent Failure in Patients with Diabetes
Treated with Glucagon-like Peptide-1 Receptor Agonists and Dipeptidyl Peptidase-4 Inhibitors: A Nationwide Observational
Study. Int. J. Cardiol. 2021, 330, 23–29. [CrossRef]

159. Monami, M.; Lamanna, C.; Desideri, C.M.; Mannucci, E. DPP-4 Inhibitors and Lipids: Systematic Review and Meta-Analysis.
Adv. Ther. 2012, 29, 14–25. [CrossRef]

160. Ogawa, S.; Ishiki, M.; Nako, K.; Okamura, M.; Senda, M.; Mori, T.; Ito, S. Sitagliptin, a Dipeptidyl Peptidase-4 Inhibitor, Decreases
Systolic Blood Pressure in Japanese Hypertensive Patients with Type 2 Diabetes. Tohoku J. Exp. Med. 2011, 223, 133–135. [CrossRef]

161. Duvnjak, L.; Blaslov, K. Dipeptidyl Peptidase-4 Inhibitors Improve Arterial Stiffness, Blood Pressure, Lipid Profile and Inflamma-
tion Parameters in Patients with Type 2 Diabetes Mellitus. Diabetol. Metab. Syndr. 2016, 8, 26. [CrossRef]

162. Foley, J.E.; Evans, M.; Schweizer, A. Blood pressure and fasting lipid changes after 24 weeks’ treatment with vildagliptin: A
pooled analysis in >2000 previously drug-naïve patients with type 2 diabetes mellitus. Vasc. Health Risk Manag. 2016, 12, 337–340.
[CrossRef] [PubMed]

163. Rizzo, M.R.; Barbieri, M.; Marfella, R.; Paolisso, G. Reduction of Oxidative Stress and Inflammation by Blunting Daily Acute
Glucose Fluctuations in Patients with Type 2 Diabetes. Diabetes Care 2012, 35, 2076–2082. [CrossRef] [PubMed]

164. Klempfner, R.; Leor, J.; Tenenbaum, A.; Fisman, E.Z.; Goldenberg, I. Effects of a Vildagliptin/Metformin Combination on Markers
of Atherosclerosis, Thrombosis, and Inflammation in Diabetic Patients with Coronary Artery Disease. Cardiovasc. Diabetol. 2012,
11, 60. [CrossRef]

165. Gitt, A.K.; Bramlage, P.; Binz, C.; Krekler, M.; Deeg, E.; Tschöpe, D. Prognostic Implications of DPP-4 Inhibitor vs. Sulfonylurea
Use on Top of Metformin in a Real World Setting—Results of the 1 Year Follow-up of the Prospective DiaRegis Registry. Int. J.
Clin. Pract. 2013, 67, 1005–1014. [CrossRef] [PubMed]

https://doi.org/10.1097/HJH.0000000000002458
https://www.ncbi.nlm.nih.gov/pubmed/32687272
https://doi.org/10.1016/j.atherosclerosis.2019.07.007
https://doi.org/10.1186/s12944-017-0609-0
https://www.ncbi.nlm.nih.gov/pubmed/29197387
https://doi.org/10.1016/S2213-8587(21)00203-5
https://doi.org/10.1161/ATVBAHA.113.301586
https://www.ncbi.nlm.nih.gov/pubmed/23868944
https://doi.org/10.1161/CIRCIMAGING.116.005146
https://www.ncbi.nlm.nih.gov/pubmed/27940956
https://doi.org/10.1016/j.ahj.2015.07.014
https://www.ncbi.nlm.nih.gov/pubmed/26542491
https://doi.org/10.1016/j.ijcard.2015.12.009
https://www.ncbi.nlm.nih.gov/pubmed/26849684
https://doi.org/10.1080/07853890.2017.1306653
https://www.ncbi.nlm.nih.gov/pubmed/28286967
https://doi.org/10.1093/ehjcvp/pvaa004
https://doi.org/10.1186/1475-2840-12-53
https://doi.org/10.1016/j.ijcard.2016.08.306
https://doi.org/10.1016/j.ijcard.2021.02.011
https://doi.org/10.1007/s12325-011-0088-z
https://doi.org/10.1620/tjem.223.133
https://doi.org/10.1186/s13098-016-0144-6
https://doi.org/10.2147/VHRM.S112148
https://www.ncbi.nlm.nih.gov/pubmed/27574437
https://doi.org/10.2337/dc12-0199
https://www.ncbi.nlm.nih.gov/pubmed/22688551
https://doi.org/10.1186/1475-2840-11-60
https://doi.org/10.1111/ijcp.12179
https://www.ncbi.nlm.nih.gov/pubmed/23981060


Pharmaceutics 2023, 15, 1858 25 of 25

166. Monami, M.; Dicembrini, I.; Martelli, D.; Mannucci, E. Safety of Dipeptidyl Peptidase-4 Inhibitors: A Meta-Analysis of Random-
ized Clinical Trials. Curr. Med. Res. Opin. 2011, 27, 57–64. [CrossRef]

167. Brenner, C.; Adrion, C.; Grabmaier, U.; Theisen, D.; von Ziegler, F.; Leber, A.; Becker, A.; Sohn, H.-Y.; Hoffmann, E.; Mansmann, U.;
et al. Sitagliptin plus Granulocyte Colony-Stimulating Factor in Patients Suffering from Acute Myocardial Infarction: A Double-
Blind, Randomized Placebo-Controlled Trial of Efficacy and Safety (SITAGRAMI Trial). Int. J. Cardiol. 2016, 205, 23–30. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1185/03007995.2011.602964
https://doi.org/10.1016/j.ijcard.2015.11.180

	Introduction 
	Methods 
	Physiological Mechanisms of Incretins 
	Acute and Chronic Effects of GLP-1 on Pancreatic  Cells 
	Effects of GLP-1 on Other Cell Lines 

	Effect of GLP1 Agonists and DPP4 Inhibitors in Atherosclerotic Process Modulation 
	Macrophages and Lymphocytes 
	Endothelium 
	Reactive Oxygen Species and Nitric Oxide Production 
	Apoptosis and Inflammation 
	Barrier Properties 
	Adhesion Molecules 
	Endothelial Mesenchymal Transition 

	Vascular Smooth Muscle Cells 
	Platelets 

	Effects of Incretin-Based Drugs on Lipid Metabolism 
	Effects on Atherosclerotic Plaque Composition and Intimal Hyperplasia in the Pre-Clinical Setting 
	Cardiovascular Effects of GLP-1RA in Clinical Studies 
	Effects of GLP-1RA on Cardiovascular Risk Factors 
	Effects of GLP-1RA on Cardiovascular Events 
	Effects of GLP-1 RAs in the Setting of MI and PCI 

	Cardiovascular Effects of DPP-4i in Clinical Studies 
	Effects of DPP-4i on Cardiovascular Risk Factors 
	Effects of DPP-4i on Cardiovascular Events 
	Effects of DPP-4i in the Setting of MI and PCI 

	Conclusions and Future Prospects 
	References

